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Introduction

These are notes for the Freshman Honors Calculus course at the University of Notre Dame.
The word “calculus” is a misnomer since this course was intended to be an introduction to
real analysis or, if you like, “calculus with proofs”.

For most students this class is the first encounter with mathematical rigor and it can be
a bit disconcerting. In my view the best way to overcome this is to confront rigor head on
and adopt it as standard operating procedure early on. This makes for a bumpy early going,
but with a rewarding payoff.

A proof is an argument that uses the basic rules of Aristotelian logic and relies on facts
everyone agrees to be true. The course is based on these basic rules of the mathemati-
cal discourse. It starts from a meagre collection of obvious facts (postulates) and ends up
constructing the main contours of the impressive edifice called real analysis.

No prior knowledge of calculus is assumed, but being comfortable performing algebraic
manipulations is something that will make this journey more rewarding.

In writing these notes I have benefitted immensely from the students who took the Honors
Calc Course during the academic years 2013-2014, 2014-2015. Their questions and reactions
in class, and their expert editing have improved the original product. I asked a lot of them
and I got a lot in return. I want to thank them for their hard work, curiosity and enthusiasm
which made my job so much more enjoyable.

This is probably not the final form of the notes, but close to final. I will probably adjust
them here and there, taking into account the feedback from future students.

Notre Dame, October 15, 2015.
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Chapter 1

The basics of
mathematical
reasoning

1.1. Statements and predicates

Mathematics deals in statements. These are sentences that have a definite truth value. What
does this mean? The classical text [8] does a marvelous job explaining this point of view. I
will not even attempt a rigorous or exhaustive explanation. Instead, I will try to suggest it
to you through examples.

Example 1.1. (a) Consider the following sentence: “if you walk in the rain without an
umbrella, you will get wet”. This is a true sentence and we say that its truth value is TRU FE
or T'. This is an example of a statement.

(b) Consider the sentence: “the number x is bigger than the number y” or, in mathemati-
cal notation, z > y. This sentence could be TRUFE or FALSE (F'), depending on the choice
of x and y. This is not a statement because it does not have a definitive truth value. It is a
type of sentence called predicate that is encountered often in mathematics.

A predicate or formula is a sentence that depends on some parameters (or variables).
In the above example the parameters were x and y. For some choices of parameters (or
variables) it becomes a TRU E statement, while for other values it could be FALSE.

When expressed in everyday language, statements and predicates must contain a verb.

Often a predicate comes in the guise of a property. For example the property ” the integer
n is even” stands for the predicate ” the integer n is twice the integer m”.

(c) Consider the following sentence: ”This sentence is false.” Is this sentence true?
Clearly it cannot be true because if it were, then we would conclude that the sentence is
false. Thus the sentence is false so the opposite must be true, i.e., the sentence is true. Some-
thing is obviously amiss. This type of sentence is not a statement because it does not have

1
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a truth value, and it is also not a predicate. It is a paradozr. Paradoxes are to be avoided in

mathematics. O
# Notation. It is time to explain the usage of the notation :=. For example an expression
such as

x := bla-bla-bla

reads ”x is defined to be bla-bla-bla”, or ”x is short-hand for bla-bla-bla”.

The manipulations of statements and predicates are governed by the rules of Aristotelian
logic. This and the following section will provide you with a very sparse introduction to logic.
For more details and examples I refer to [13].

All the predicates used in mathematics are obtained from simpler ones called atomic
predicates using the following logical operators.

NEGATION = (read as not).
CONJUNCTION A (read as and).
DISJUNCTION V (read as or).
IMPLICATION = (read as implies).

To describe the effect of these operations we need to look Table 1.1 describing the truth
tables of these operations.

P|lq|pPNg P|lqg|pVyg Pl4|P=4g

DT F T|\T| T T\|\T| T T\|T T
W F|T T|F| F T|F| T T|F F
T F T T T T

F| F F|\F| F F\|F T

Table 1.1. The truth tables of -, A, V, =

Here is is how one reads Table 1.1. When p is true (T"), then —p must be false (F'), and
when p is false, then —p is true. To put it in simpler terms

-T=F —-F=T.
The truth table for A can be presented in the simplified form
TANT=T, TNF=FANT=FANF=F.

Observe that the predicate p V ¢ is true when at least one of the predicates p and ¢ is true.
It is NOT an exclusive OR. Another way of saying this is

TVI=TVF=FVvT=T, FVF=F.
The equivalence < is the operation
peqi=(p=q) A= Dp).
Its truth table is described in Table 1.2
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Table 1.2. The truth table of &

Remark 1.2. (a) In everyday language, when we say that p implies ¢ we mean that the
statement p = ¢ is true. This signifies that either both p and ¢ are true, or that p is false.
Often we express this in the conditional form if p, then q.

If the implication p = ¢ is true, then we say that q is a necessary condition for p and that
p s a sufficient condition for q. In everyday language the implications are the if bla-bla,
then bla-bla statements.

The truth table for = hides certain subtleties best illustrated by the following example.
Consider the statement

s :=if an elephant can fly, then it can also drive a car.

This statement is composed of two simpler statements
p := an elephant can fly, ¢ := an elephant can drive a car.

We note that the statement s coincides with the implication p = ¢g. Obviously, both state-
ments p and g are false, but according to the truth table for =, the implication p = ¢ is true,
and thus s is true as well. This conclusion is rather unsettling. It may be easier to accept it
if we rephrase s as follows:

if you can show me a flying elephant, then I can show you that it can also drive a car.
(b) In everyday language when we say that p is equivalent to ¢ we mean that the statement
p & q is true. This signifies that either both p and ¢ are true, or both are false. If p is

equivalent to g, we say that ¢ is a necessary and sufficient condition for p and that p is a
necessary and sufficient condition for q.

We often express this in one of the following forms: p if and only if q. The mathematicians’
abbreviation for the oft encountered construct ”if and only if” is iff. O
Example 1.3. Consider the following predicate.

s := if you do not clean your room, then you will not go to the mowvies.

This is composed of two simpler predicates

e p := you do not clean the room.

e ¢ := you do not go to the movies.

Observe that s is the compound predicate p = ¢g. For s to be true, one of the following two
mutually exclusive situations must happen

e cither you do not clean your room AND you do not go to the movies A

e or you clean the room.
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Note that there is no implied guarantee that if you clean your room, then you go to the
movies. O

Example 1.4. Consider the following true statement: mathematicians like to be precise.

First, let us phrase this in a less ambiguous way. The above statement can be equivalently
rephrased as: if you are a mathematician, then you are precise. To put it in symbolic terms

you are a mathematician = you are precise .

p q

Thus, to be a mathematician it is necessary to be precise and to be precise it suffices to be
a mathematician. However, to be precise it is not necessary to be a mathematician. a

A tautology is a compound predicate which is true no matter what the truth values of its
atoms are.
Example 1.5. The predicate p V —p is a tautology. In other words, in mathematics, a

statement is either true, or false. There is no in-between. O

Two compound predicates P and @) are called equivalent, and we indicate this with the
notation P<—(Q), if they have identical truth tables. In other words, P and @ are equivalent
if the compound predicate P<=-(@) is a tautology.

Example 1.6. Let us observe that the compound predicate p = ¢ is equivalent to the
compound statement (—p) V g, i.e.

p=q+<— (7p) Vg (1.1)

Indeed if p is false then p = ¢ and —p are true, no matter what ¢. In particular (—p) V ¢ is
also true, no matter what ¢. If p is true, then —p is false, and we deduce that p = ¢ and
(—p) V q are either simultaneously true, or simultaneously false. O

1.2. Quantifiers

Example 1.7. Consider the following property of a person x
x s at least 6 ft tall.

This does not have a definite truth value because the truth value depends on the person =x.
However the claims

C := there exists a person x that is at least 6 ft tall,

and
Cy := any person z is at least 6 ft tall

have definite truth values. The claim C] is true, while the claim C5 is false. O

Example 1.8. Consider the following property involving the numbers x,y

T >y.
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This does not have a definite truth value. However, we can modify it to obtain statements
that have definite truth values. Here are several possible modifications. (Below and in the
sequel s.t. stands for such that)

S1 := For any z, for any y, © > y.

Sy := For any z, there exists y s.t. x > y.
Ss := There exists y s.t. for any z, x> y.
Observe that the statements S; and S3 are false, while S5 is a true statement. Notice a very
important fact. The statement S3 is obtained from S5 by a seemingly innocuous transfor-
mation: we changed the order of some words. However, in doing so, we have dramatically
altered the meaning of the statement. Let this be a warning! O

The expressions for any, for all, there exists, for some appear very frequently in mathe-
matical communications and for this reason they were given a name, and special abbrevia-
tions. These expressions are called quantifiers and they are abbreviated as follows.

V := for any, for all,

3 := there exists, there exist, for some.

The symbol V is also called the universal quantifier, while the symbol 3 is called the existential
quantifier. There is another quantifier encountered quite frequently namely

3! := there exists a unique.

The above examples illustrate the roles of the quantifiers: they are used to convert predicates,
which have no definite truth value, to statements which have definite truth value. To achieve
this, we need to attach a quantifier to each variable in the predicate. In Example 1.8 we used
a quantifier for the variable z and a quantifier for the variable y. We cannot overemphasize
the following fact.

< The meaning of a statement is sensitive to the order of the quantifiers in
that statement!

Example 1.9. Let us put to work the above simple principles in a concrete situation. Con-
sider the statement:

S := there is a person in this class such that, if he or she gets an A in the final, then
everyone will get an A in the final.

Is this a true statement or a false statement? There are two ways to decide this. The
fastest way is to think of the persons who get the lowest grade in the final. If those persons
get A’s, then, obviously, everybody else will get A’s.

We can use a more formal way of deciding the truth value of the above statement. Con-
sider the predicate P(x) :=the person x gets an A in the final. The quantified form of S is
then

Jz: (P(x)=VyP(y)).
As we know an implication p = ¢ is equivalent to the disjunction —p V ¢; see (1.1). We can
rewrite the above statement as

Jz: (—=P(z) VVyP(y)).
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In everyday language the above statement says that either there is a person who did not get
an A or everybody gets an A. This is a Duh! statement or, as mathematicians like to call it,
a tautology. O

Let us discuss how to concretely describe the negation of a statement involving quantifiers.
Take for example the statements S7,S2, S3 in Example 1.8. Their opposites are

=51 := There exists z, there exists y s.t. z <y,

-5y := There exists x s.t. for any y: * <y

—S3 := For any vy, there exists = s.t. x < y.

Observe that all the opposites were obtained by using the following simple operations.

e Globally replacing the existential quantifier 3 with its opposite V.
e Globally replace the universal quantifier V with its opposite, 3.
e Replace the predicate z > y with its opposite, z < y.

When dealing with more complex statements it is very useful to remember the above rules.
We summarize them below.

= The opposite of a statement that contains quantifiers is obtained by replac-
ing each quantifier with its opposite, and each predicate with its opposite.

Example 1.10. Consider the following portion of a famous Abraham Lincoln quote: you
can fool all of the people some of the time. There are two conceivable ways of phrasing this
rigorously.

1. For any person y there exists a moment of time t when y can be fooled by you at time t.

2. There exists a moment of time t such that any person y there can be fooled by you at time
t.

We can now easily transform these into quantified statements.
1. 51 :=V person y, 3 moment t, s.t., y can be fooled by you at time t.
2. Sy := d moment t, s.t, V person y, y can be fooled by you at time t.

Note that the two statements carry different meanings. Which do you think was meant
by Lincoln? Observe also

—51 := d person y s.t. ¥ moment t: y cannot be fooled by you at time t.

In plain English this reads: some people cannot be fooled at any time. O

1.3. Sets

Now that we learned a bit about the language of mathematics, let us mention a few funda-
mental concepts that appear in all the mathematical discourses. The most important concept
is that of set.
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Any attempt at a rigorous definition of the concept of set unavoidably leads to treacherous
logical and philosophical marshes.! A more productive approach is not to define what a set
is, but agree on a list of “uncontroversial” properties (or azioms) our intuition tells us the
sets ought to satisfy. 2 Once these axioms are adopted, then the entire edifice of mathematics
should be built on them. I refer to [9] for a detailed description of this point of view.

The axiomatic approach mentioned above is very labour intensive, and would send us far
astray. Our goal for now is a bit more modest. We will adopt a more elementary (or naive)
approach relying on the intuition of a set X as a collection of objects, usually referred to as
the elements of X. In mathematics, a set is described by the “list” of its elements enclosed
by brackets. In this list, no two objects are identical. For example, the set

{winter, spring, summer, fall}
is the set of seasons in a temperate region such as in Indiana. However, the list
{winter, winter, spring},
is not a set.

We will use the notation z € X (or X 3 x) to indicate that the object x belongs to the
set X, i.e., the object x is an element of X. The notation z ¢ X indicates that x is not an
element of X. Two sets A and B are considered identical if they consist of the same elements,
i.e., the following (quantified) statement is true

Yz (m€A<:>x€B).

In words, an object belongs to A iff it also belongs to B. For example, we have the equality
of sets
{winter, spring, summer, fall} = {spring, summer, fall,winter}.
There exists a distinguished set, called the empty set and denoted by (). Intuitively, () is

the set with no elements.

Remark 1.11. The nature of the elements of a set is not important in set theory. In fact,
the elements of a set can have varied natures. For example we have the set

{1, 0, apple }

which consists of three elements: of the number 1, the empty set, and the word apple. Another
more subtle example is the set {#} which consists of the single element, the empty set (). Let
us observe that () # {0}. 0

We say that a set A is a subset of B, and we write this A C B, if any element of A is also
an element of B. In other words, A C B signifies that the following statement is true

Vo (z € A=z € B).

A proper subset of B is a subset A C B such that A # B. We will use the notation A C B
to indicate that A is a proper subset of B.

The union of two sets A, B is a new set denoted by A U B. More precisely,
r€AUB <= (z€ A)V (x € B).

1For more details on the possible traps; see Wikipedia’s article on set theory.

2See the above footnote.
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The intersection of two sets A, B is a new set denoted by AN B. More precisely,
r€ANB < (x€ A)N(zx € B).
The sets A and B are said to be disjoint if AN B = ().
More generally, if (A;);er is a collection of sets, then we can define their union
UAi::{a?; diel: xeAi},
el
and their intersection
ﬂAi = {x; Vi e I; xEAi}.
i€l
The difference between a set A and a set B is a new set A \ B defined by
r€A\B < (z€ A)A(z ¢ B).

If A is a subset of X, then we will use the alternative notation Cx A when referring to the
difference X \ A. The set Cx A is called the complement of A in X. Observe that

Cx(CxA) = A.

It is sometimes convenient to visualize sets using Venn diagrams. A Venn diagram identifies
a set with a region in the plane.

N/

ANB X\A
X

Figure 1.1. Venn diagrams.

Proposition 1.12 (De Morgan Laws). If A, B are subsets of a set X then
Cx(AUB):(CxA)ﬂ(CxB), Cx(AﬂB):(CxA)U(CxB). O

Given two sets A and B we can form a new set A x B which consists of all ordered pairs
of objects (a,b) where a € A and b € B. The set A x B is called the Cartesian product of A
and B.

Remark 1.13. As a curiosity, and to give you a sense of the intricacies of the axiomatic
set theory, let us point out that above the concept of ordered pair, while intuitively clear,
it is not rigorous. One rigorous definition of an ordered pair is due to Norbert Wiener who
defined the ordered pair (a,b) to be the set consisting of two elements that are themselves
sets: one element is the set {a, )} and the other element is the set { {b} }, i.e.,

(a,b) == { {a. 0}, { {0} } }. .
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Most of the time sets are defined by properties. For example, the interval [0, 1] consists
of the real numbers z satisfying the property

P(z):=(zx>0) A (x<1).
As we discussed in the previous section, a synonym for the term property is the term predicate.
Proving that an object satisfying a property P also satisfies a property @ is tantamount
to showing that the set of objects satisfying property P is contained in the set of objects
satisfying property Q.
Remark 1.14. To prove that two sets A and B are equal one has to prove two inclusions:
A C B and B C A. In other words one has to prove two facts:

e If x is in A, then z is also in B.

e If x isin B, then x is also in A.

1.4. Functions

Suppose that we are given two sets X, Y. Intuitively, a function f from X toY is a "device”
that feeds on elements of X. Once we feed this machine an element x € X it spits out an
element of Y denoted by f(z). The elements of X are called inputs, and those of Y, outputs.
In Figure 1.2 we have depicted such a device. Each arrow starts at some input and its head
indicates the resulting output when we feed that input to the function f.

X Y

Figure 1.2. A Venn diagram depiction of a function from X to Y.

The above definition may not sound too academic, but at least it gives an idea of what
a function is supposed to do. Mathematically, a function is described by listing its effect
on each and every one of the inputs x € X. The result is a list G which consists of pairs
(x,y) € X xY , where the appearance of a pair (x,y) in the list indicates the fact that when
the device is fed the input x, the output will be y. Note that the list G is a subset of X x Y
and has two properties.

e For any = € X there exists y € Y such that (z,y) € G. Symbolically
VeeX JyeY: (x,y) €G. (F1)
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e Forany x € X and any y1,y2 € Y, if (x,41), (x,y2) € G, then y; = y2. Symbolically

Vee X, Yy, ey, ((%yl) € GA(z,12) € G) = (y1 = y2). (F2)

Property F} states that to any input there corresponds at least one output, while property
F, states that each input has at most one output.
We can use any symbol to name functions. The notation f : X — Y indicates that f is

a function from X to Y. Often we will use the alternate notation X i> Y to indicate that f
is a function from X to Y. In mathematics there are many synonyms for the term function.
They are also called maps, mappings, operators, or transformations.

Given a function f : X — Y we will refer to the set of inputs X as the domain of the
function. The set Y is called the codomain of f. The result of feeding f the input z € X is
denoted by f(x). By definition f(z) € Y. We say that x is mapped to f(z) by f. The set

Gr={(zf(x)); ze X} CXxY

lists the effect of f on each possible input z € X, and it is usually referred to as the graph of
f.

The range or image of a function f : X — Y is the set of all outputs of f. More precisely,
it is the subset f(X) of F' defined by

f(X)={yeY; TweX: y=flz)}.
The range of f is also denoted by R(f). More generally, for any subset A C X we define
flAy={yeY; Jac4; fla)=y}CY. (1.2)

The set f(A) is called the image of A via f.

For a subset S C Y, we define the preimage of S via f to be the set of all inputs that are
mapped by f to an element in .S. More precisely the preimage of S is the set

f748) = {xEX; f(a:)GS}CX. (1.3)

When S consists of a single point, S = {yo} we use the simpler notation f~!(yy) to denote
the preimage of {yo} via f. The set f~!(yo) is a subset of X called the fiber of f over yo.

A function f : X — Y is called surjective, or onto, if f(X) =Y. Using the visual
description of a function given in Figure 1.2 we see that a function is onto if any element in
Y is hit by an arrow originating at some element z € X. Symbolically

f:X = Yissurjective<=Vy €Y, dJx € X: y= f(x).

A function f : X — Y is called injective, or one-to-one, if different inputs have different
outputs under f. More precisely

f: X =Y isinjective <= V1,20 € X : 21 # 29 = f(11) # f(22)
<~ Vri,10 € X : f(.%‘l) = f(l’z) = T = I2.
A function f: X — Y is called bijective if it is both injective and surjective. We see that

f: X =Y isbijective<=VyeY lzeX: y=f(x).
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Example 1.15. (a) For any set X we denote by 1x or by ex the function X — X which
maps any x € X to itself. The function 1x is called the identity map. The identity map is
clearly injective.

(b) Suppose that X,Y are two sets. We denote 7x the mapping X xY — X which sends
a pair (x,y) to x. We say that mx is the natural projection of X x Y onto X.

(c) Given a function f: X — Y and a subset A C X we can construct a new function
fla: A=Y called the restriction of f to A and defined in the obvious way

fla(a) = f(a), Va € A.
(d) If X is a set and A C X, then we denote by i4 the function A — X defined as the
restriction of 1x to A. More precisely
iala) =a, Vae A.

The function i 4 is called the natural inclusion map associated to the subset A C X. O

Given two functions
xLy v4z
we can form their composition which is a function go f : X — Z defined by
go f(z):=g(f(x))

Intuitively, the action of g o f on an input x can be described by the diagram

S
z e f2) S g(f(@)).
In words, this means the following: take an input x € X and drop it in the device f : X — Y

out comes f(x), which is an element of Y. Use the output f(z) as an input for the device
g:Y — Z. This yields the output g( f(x) )

Proposition 1.16. Let f: X — Y be a function. The following statements are equivalent.
(i) The function f is bijective.
(ii) There exists a function g : Y — X such that
fog=1y, gof=1x. (1.4)
(iii) There exists a unique function g : Y — X satisfying (1.4).

Proof. (i) = (ii) Assume (i), so that f is bijective. Hence, for any y € Y there exists a
unique z € X such that f(z) = y. This unique = depends on y and we will denote it by ¢(y);
see Figure 1.3.

The correspondence y — ¢(y) defines a function g : Y — X. By construction, if x = g(y),
then

y=f()=f(9(y))=fogly) WyeY
so that fog = 1y. Also, if y = f(x), then

z=g(y) =g(f(x)) =go f(z), Ve X
Hence g o f = 1x. This proves the implication (i) = (ii)



12 Liviu I. Nicolaescu

X Y

Figure 1.3. Constructing the inverse of a bijective function X — Y.

(ii) = (iii) Assume (i). We need to show that if g1,92 : ¥ — X are two functions
satisfying (1.4), then g1 = go, i.e., g1(y) = g2(y), Vy € Y.
Let y € Y. Set 1 = ¢g1(y). Then
1.4)

) = Fow) = Fomw) =y,
On the other hand,

92(y) = g2( f(21)) = g2 0 f(z1) W = g1(y)-

This proves the implication (ii) = (iii).
(iii) = (i). We assume that there exists a function ¢ : ¥ — X satisfying (1.4) and we
will show that f is bijective. We first prove that f is injective, i.e.,
Ve, x0 € Xt f(z1) = f(x2) = 21 = 29.
Indeed, if f(x1) = f(x2), then
(1.4 4)

) (.
z1 = go f(z1) =g(f(x1)) =g(f(z2)) =go flx2) = z2.
To prove surjectivity we need to show that for any y € Y, there exists x € X such that
f(z)=y. Let y € Y. Set x = ¢g(y). Then

v Fogly) = fgly)) = f(a).

This proves the surjectivity of f and completes the proof of Proposition 1.16. O

Definition 1.17. Let f : X — Y be a bijective function. The inverse of f is the unique
function g : Y — X satisfying (1.4). The inverse of a bijective function f is denoted by f~1.
O
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1.5. Exercises
Exercise 1.1. Show that
(V@) s—(-pA—q), ~(pAg)s—pVq. O
Exercise 1.2. (a) Show that
(p = q)¢— (=g = —p), =(p= @)= (pA—q).
(b) Consider the predicates
p := the elephant = can fly, ¢ := the elephant x can drive.

Let us stipulate that p is false. Show that the predicate p = ¢ is true by showing that its
negation —(p = q) is false. O

Exercise 1.3. Consider the exclusive-OR operation V* with truth table

pla|pVigq
T|T|] F
T|F| T
FlT| T
F|F| F

Table 1.3. The truth table of “Vv*”

Show that
PV q) = (pA=q)V (P A @)« (p=—q)«—(p = ~¢) A (=p=q). O
Exercise 1.4 (Modus ponens). Show that the compound predicate
(p=a)Ap)=q
is a tautology. O

Exercise 1.5 (Modus tollens). Show that the compound predicate

(p=q A—-q)=-p
is a tautology. O

Exercise 1.6. Translate each of the following propositions into a quantified statement in
standard form, write its symbolic negation, and then state its negation in words. (Use
Example 1.10 as guide.)
(i) You can fool some of the people all of the time.
(ii) Everybody loves somebody sometime.
(iii) You cannot teach an old dog new tricks.
)

(iv) When it rains, it pours.
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Exercise 1.7. Consider the following predicates.
P :=1 will attend your party.
Q@ :=1 go to a movie.
Rephrase the predicate
I will attend your party unless I go to a movie

using the predicates P, () and the logical operators —,V, A, =. O

Exercise 1.8. Give an example of three sets A, B, C satisfying the following properties
ANB#0, BNC#0, CNA#0), AnBNC =40. O
Exercise 1.9. Suppose that A, B, C are three arbitrary sets. Show that
AN (BUC)=(AnB) U (ANC),
AU (BNC)=(AUuB)n (AUC),
and
A\ (BuC)=(A\B)n (A\C).

(In the above equalities it should be understood that the operations enclosed by parentheses
are to be performed first.)

Hint. Use Remark 1.14. O

Exercise 1.10. Suppose that f : X — Y is a function and A, B C Y are subsets of the
codomain. Prove that

FTHAUB) = fHA) U FH(B), fTHANB) =1 AN fY(B).
Hint. Take into account (1.3) and Remark 1.14. O

Exercise 1.11. Let f: X — Y be a map between the sets X,Y. Prove that f is one-to-one
if and only if for any subsets A, B C X we have

f(ANB) = f(A)N f(B). O
Exercise 1.12. Suppose A, B are sets and f : A — B is a map.® Define the maps
p:A—>AXB, p:AxB—B
by setting
¢(a) := (a, f(a)), Ya€ A, p(a,b):=b, Y(a,b) € AxB.

Prove that the following hold.

(i) The map ¢ is injective.

(ii) The map p is surjective.

(ili) f=poe.

3Recall that a map is a function.
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Exercise 1.13. Suppose that f: X — Y and g : Y — Z are two bijective maps. Prove that
the composition g o f is also bijective and

(gof)t=flog™h 0
Exercise 1.14. Suppose that f: X — Y is a function. Prove that the following statements
are equivalent.
(i) The function f is injective.

(ii) There exists a function g : Y — X such that go f = 1x.

Exercise 1.15. Suppose that f: X — Y is a function. Prove that the following statements
are equivalent.

(i) The function f is surjective.
(ii) There exists a function g : Y — X such that fog = 1y.






Chapter 2

The Real Number
System

Any attempt to define the concept of number is fraught with perils of a logical kind: we will
eventually end up chasing our tails. Instead of trying to explain what numbers are it is more
productive to explain what numbers do, and how they interact with each other.

In this section we gather in a coherent way some of the basic properties our intuition
tells us that real numbers ought to satisfy. We will formulate them precisely and we will
declare, by fiat, that these are true statements. We will refer to these as the azioms of the
real number system. (Things are a bit more subtle, but that’s the gist of our approach.) All
the other properties of the real numbers follow from these axioms. Such deductible properties
are known in mathematics as Propositions or Theorems. The term Theorem is used sparingly
and it is reserved to the more remarkable properties.

The process of deducing new properties from the already established ones is called a
mathematical proof. Intuitively, a proof is a complete, precise and coherent explanation of
a fact. In this course we will prove all of the calculus facts you are familiar with, and much
more.

2.1. The algebraic axioms of the real numbers

The first thing that we observe is that the real numbers, whatever their nature, form a set.
We will encounter this set so often in our mathematical discourse that it deserves a short
name and symbol. We will denote the set of real numbers by R.

Another thing we know from experience is that we can operate with numbers. More
precisely we can add, subtract, multiply and divide real numbers. Of these four operations,
the addition and multiplication are the fundamental ones. These are special instances of a
more general mathematical concept, that of binary operation.

A binary operation on a set S is, by definition, a function S x S — S. Loosely, a binary
operation is a gizmo that feeds on pairs of elements of S, processes such a pair in some

17



18 Liviu I. Nicolaescu

fashion, and produces a single element of S. We list the first axioms describing the set of
real numbers.

Axiom 1. The set R of real numbers R is equipped with two binary operations,

e addition
+:RxR—=R, (z,y) = x+y,

e and multiplication

T RxR =R, (z,y) —x-y.

O
The operation of multiplication is sometimes denoted by the symbol x.
Axiom 2. The addition is associative, i.e.,
Ve,y,z€ Ry (z4+y)+z=a2+ (y+2). O

The usage of parentheses ( — ) indicates that we first perform the operation enclosed by
them.

Axiom 3. The addition is commutative, i.e.,
Ve,ye R: z+y=y+x. O

Axiom 4. An additive identity element exists. This means that there exists at least one real
number u such that

r+u=ut+z=2x VrekR (2.1)
O

Before we proceed to our next axiom, let us observe that there exists precisely one additive
identity element.

Proposition 2.1. If ug,4g € R are additive identity elements, then ug = ug.

Proof. Since ug is an identity element, if we choose = = 7 in (2.1) we deduce that
Uo + ug = ug + U = Uo-

On the other hand, g is also an identity element and if we let z = up in (2.1) we conclude
that

uo + U = Ug + ug = Uo.

Thus ug = 4g. O

Definition 2.2. The unique additive identity element of R is denoted by O. g
Axiom 5. Additive inverses exist. More precisely, this means that for any = € R there exists
at least one real number y € R such that

r+y=y+x=0. a

We have the following result whose proof is left to you as an exercise.
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Proposition 2.3. Additive inverses are unique. This means that if x,y,1y are real numbers
such that

x+y:y+x:0:x+y’:y'+x,
then y =/ . O

Definition 2.4. The unique additive inverse of a real number z is denoted by —x. Thus

x4+ (—z)=(—x)+2=0, Vr e R 0

Axiom 6. The multiplication is associative, i.e.,
Ve,y,z€R; (x-y)-z=a-(y-2). O
Axiom 7. The multiplication is commutative, i.e.,
Ve,yeR: x-y=y-x. O

Axiom 8. A multiplicative identity element exists. This means that there exists at least one
nonzero real number u such that

ru=u-x=x, VreR. (2.2)
O

Arguing as in the proof of Proposition 2.1 we deduce that there exists precisely one
multiplicative identity element. We denote it by 1. We define

2:=1+1, 2=z -2, Vx € R. (™)

Axiom 9. Multiplicative inverses exist. More precisely, this means that for any x € R,
x # 0, there exists at least one real number y € R such that

rz-y=y-xr=1. O

Proposition 2.3 has a multiplicative counterpart that states that multiplicative inverses are
unique. The multiplicative inverse of the nonzero real number x is denoted by z~!, or 1/z,
or % Also, we will frequently use the notation

x _
=yl y #£0.
y

< The real number zero does not have an inverse. For this reason division by
zero is an illegal and very dangerous operation. NEVER DIVIDE BY ZERO!

Axiom 10. Distributivity.
Ve,y,z€R: xz-(y+z2)=z-y+z-z O

# To save energy and time we agree to replace the motation x -y with the simpler one,
xy, whenever no confusion is possible.

Definition 2.5. A set satisfying Axioms 1 through 10 is called a field. a

The above axioms have a number of ”obvious” consequences.
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Proposition 2.6. (i) VzeR, z-0=
(ii) Ve,y € R, (zy =0) = (. =0) V (y = 0).
VeeR, —z=(-1)-x

(iii) ( .
(iv) Vz € R, (—1) - (—z) = z.
(v) Vz,y € R, (—x) -

Proof. We will prove only part (i). The rest are left as exercises. Since 0 is the additive
identity element we have 0 4+ 0 = 0 and

z-0=2-(0+0)=2-0+z-0.
If we add —(z - 0) to both sides of the equality z-0=x -0+ = -0 we deduce 0 = z - 0. O

2.2. The order axiom of the real numbers

Experience tells us that we can compare two real numbers, i.e., given two real numbers we
can decide which is smaller than the other. In particular, we can decide whether a number
is positive or not. In more technical terms we say that we can order the set of real numbers.
The next axiom formalizes this intuition.

Axiom 11. There exists a subset P C R called the subset of positive real numbers satisfying
the following two conditions.

(i) If x and y are in P, then so are their sum and product, x +y € P and xy € P.

(ii) If x € R, then ezactly one of the following statements is true:
r€P,orxz=0,o0r —z € P. O
Definition 2.7. Let x,y € R.

(i) We say that z is negative if —x € P.

ii) We say that x is greater than y, and we write this x > y if x — y is positive. We
ii) Wi that x i ter th d ite thi if i iti Wi
say that x is less than y, written x < y, if y is greater than x.

(iii) We say that x is greater than or equal to y, and we write this x > y, if z > y or
x =y. We say that x is less than or equal to y, and we write this x <y, if y > x.

(iv) A real number z is called nonnegative if = > 0.

Observe that z > 0 signifies that z € P.

Proposition 2.8. (i) 1 >0, i.e. 1 € P.
(ii) If x >y andy > z, then x > z, z,y,z € R.
(iii) If x >y, then for any z € R, z+ 2z >y + 2.
(iv) If x >y and z > 0, then xz > yz.
)

(v) If x >y and z < 0, then zz < yz.

Proof. We will prove only (i) and (ii). The proofs of the other statements are left to you as
exercises. To prove (i) we argue by contradiction. Thus we assume that 1 ¢ P. By Axiom



Introduction to Real Analysis 21

8, 1 # 0, so Axiom 11 implies that —1 € P and (—1) - (—1) € P. Using Proposition 2.6(v)
we deduce that
1=(-1)-(-1) e P.
We have reached a contradiction which proves (i).
To prove (ii) observe that

r>y=>c—yeP, y>z2=y—z¢cP
so that

r—z=(x—-y)+@y—2)eP=zx>z

Definition 2.9 (Intervals). Let a,b € R. We define the following sets.

(i) (a,b) =la,b:={z €R; a<z<b}.
(ii) (a, b ]ab —{xGR a<z<b}.
(i) [a,b) = [a,b:={z €R; a<z <b}.
(iv) [a,b] := {JZER a<z<b}.

(v) [a,00) = [a,00={z €R; a<z}.
(vi) (a,00) =|a,ool:= {a;E]R a<z}.
(vii) (—o00,a) =] —oc,ali={z€R; z<a}.
(vili) (—o0,a] =] —oc0,a]:={z€R; z<a}.

The above sets are generically called intervals. The intervals of the form [a, b], [a, 00), or
(—o0, a] are called closed, while the intervals of the form (a,b), (a,o0), or (—o0,a) are called
open. g

I would like to emphasize that in the above definition we made no claim that any or some
of the intervals are nonempty. This is indeed the case, but this fact requires a proof.

Definition 2.10. For any = € R we define the absolute value of x to be the quantity

T ifx >0,
|z| := i 0
—x ifx <O0.
Proposition 2.11. (i) Let e > 0. Then |x| < ¢ if and only if —e <z < ¢, i.e.,

(—e,e)={zeR; |z]<e}.
(ii)) z <|z|, Vz € R.
(iii) |zy| = |z| - ly], Vx,y € R. In particular, | — x| = |x|
(iv) |z +y| < |z| + |y|, Vz,y € R.
Proof. We prove only (i) leaving the other parts as an exercise. We have to prove two things,
|r| <e = —e <z <e¢, (2.3)

and
—e<zr<e=|z|<e. (2.4)
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To prove (2.3) let us assume that |z| < e. We distinguish two cases. If x > 0, then |z| = =
and we conclude that —e < 0 <z < e. If <0, then |z| = —x and thus 0 < —x = |z| < e.
This implies —e < —(—z) =z <0 < e.

Conversely, let us assume that —¢ < x < . Multiplying this inequality by —1 we deduce
that —e < —x <e. If 0 <z, then |z| =z <e. If x <0 then |z| = —z < e. O

Definition 2.12. The distance between two real numbers z,y is the nonnegative number
dist(z,y) defined by
dist(z,y) := |z — y|. 0

Very often in calculus we need to solve inequalities. The following examples describe some
simple ways of doing this.
Example 2.13. (a) Suppose that we want to find all the real numbers x such that
(x —1)(x—2)>0.

To solve this inequality we rely on the following simple principle: the product of two real
numbers is positive if and only if both numbers are positive or both numbers are negative;
see Exercise 2.8. In this case the answer is simple: the numbers (z — 1) and (z — 2) are both
positive iff x > 2 and they are both negative iff z < 1. Hence

(x—1)(x—2)>0 <= z € (—00,1)U(2,00).
(b) Consider the more complicated problem: find all the real numbers z such that
(x —1)(x —2)(x —3) > 0.

The answer to this question is also decided by the multiplicative rule of signs, but it is
convenient to organize or work in a table. In each of row we read the sign of the quantity

’ T H—oo 1 2 3 oo‘
(x—1) -0 ———— 0 +++ + +++ + +++ o0
(x —2) -0 ———— - ——— 0 44+ 4+ +++ o0
(r —3) —0 ——=— = ———= — ———= 0 44+ oo
(z-D@-2)(x=3)[[-00c ———— 0 +++ 0 ——— 0 +++ o

listed at the beginning of the row. The signs in the bottom row are obtained by multiplying
the signs in the column above them. We read

(x—1)(z—2)(x—3)>0 <= z € (1,2)U(3,00).
(c) Consider the related problem: find all the real numbers = such that
(x 1)
—— >0.
(x —2)(z—3) —

Before we proceed we need to eliminate the numbers x = 2 and x = 3 from our considerations
because the denominator of the above fraction vanishes for these values of x and the division
by 0 is an illegal operation. We obtain a similar table
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’ x H—oo 1 2 3 00
(x—1) | -0 —=—— 0 +++ + +++ + +++ o©
(z—-2) |-00 ———— — ——— 0 +++ + +++
(z—3) |[-00 ——— — ——— — ——— 0 +++ o
kg |m0 - ——— 0 +++ ! ——— | 444 oo

The exclamation signs at the bottom row are warning us that for the corresponding values
of x the fraction has no meaning. We read

(z —1)

EERIEE D

Example 2.14. We want to discuss a question involving inequalities frequently encountered
in real analysis. Consider the statement

:L‘2

2tz —2

1

P(M): VxeR, 2> M= 0

1 <

We want to show that there exists at least one positive number M such that P(M) is true,
i.e., we want to prove that the statement

M > 0 such that, Ve R, 2> M = 10
Let us observe that if P(M) is true and M’ > M, then P(M’) is also true. Thus, once we
find one M such that P(M) is true, then P(M’) is true for all M’ € [M, c0).

We are content with finding only one M such that P(M) is true and the above observation
shows that in our search we can assume that M is very large. This is a bit vague, so let us
see how this works in our special case.

22 1 < 1
224+ x—2 '

First, we need to make sure that our algebraic expression is well defined so we need to
require that the denominator 22 +x —2 = (x — 1)(z +2) is not zero. Thus we need to assume
that = # 1, —2. In particular, we will restrict our search for M to numbers larger than 1. We
have

2
2+ -2 ‘ N

—xr+2
2+ x—2

22— (22 + 2 —2)
z2+x—2

Tz —2
2 +x—2 ‘ '
Since we are investigating the properties of the last expression for x > M > 1 we deduce that
for > 2 both quantities z — 2 and (z — 1)(xz + 2) are positive and thus

T —2 T —2
2 tr—2 22+z-2

We want this fraction to be small, smaller than 1—10. Note that for x > 2 we have

xr—2 r—1 r—1 1

< =
?4+rx—-2"224+x-2 (z—1)(xz+2) z+2’

and

1 1
T>2N — < —<—2+2>10<zx >8.
T+ 2 10
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We deduce that if x > 8, then
i N 1 S x
10" 2427 |224+2-2

Hence P(8) is true. O

: ‘

2.3. The completeness axiom

Definition 2.15. Let X C R be a nonempty set of real numbers.
(i) A real number M is called an upper bound for X if
Vee X: o< M. (2.5)
(ii) The set X is said to be bounded above if it admits an upper bound.
(iii) A real number m is called a lower bound for X if
Vee X: x>m. (2.6)
(iv) The set X is said to be bounded below if it admits a lower bound.
(v) The set X is said to be bounded if it is bounded both above and below.

Example 2.16. (a) The interval (—o0,0) is bounded above, but not below. The interval
(0, 00) is bounded below, but not above, while the interval (0, 1) is bounded. O

(b) Consider the set R consisting of positive real numbers z such that 22 < 2. This set is not
empty because 12 = 1 < 2 so that 1 € R. Let us show that this set is bounded above. More
precisely, we will prove that
P <2=x < 2.
We argue by contradiction. Suppose that x € R yet > 2. Then
22— 22 = (z—2)(z+2)>0.

Hence 22 > 22 > 2 which shows that # ¢ R. This contradiction proves that 2 is an upper
bound for R. 0

Definition 2.17. Let X C R be a nonempty set of real numbers.

(i) A least upper bound for X is an upper bound M with the following additional
property: if M’ is another upper bound of X, then M < M’.

(ii) A greatest lower bound for X is a lower bound m with the following additional
property: if m’ is another lower bound of X, then m > m/’.

O

Thus, M is a least upper bound for X if
e Vx e X,z <M, and
e if M’ € R is such that Vo € X, x < M’, then M < M'.



Introduction to Real Analysis 25

Proposition 2.18. Any nonempty set X C R admits at most one least upper bound, and at
most one greatest lower bound.

Proof. We prove only the statement concerning upper bounds. Suppose that M;, My are
two least upper bounds. Since M is a least upper bound, and M5 is an upper bound we have
My < M,. Similarly, since M> is a least upper bound we deduce My < M;. Hence M; < M,
and My < My so that M7 = Ms. a

Definition 2.19. Let X C R be a nonempty set of real numbers.

(i) The least upper bound of X, when it exists, is called the supremum of X and it is
denoted by sup X.

(ii) The greatest lower bound of X, when it exists, is called the infimum of X and it is
denoted by inf X.

O

Example 2.20. Suppose that X = [0,1). Then sup X = 1 and inf X = 0. Note that sup X
is not an element of X. O

Proposition 2.21. Let X C R be a nonempty set of real numbers and M € R. The following
statements are equivalent.

(i) M =supX.
(ii) The number M is an upper bound for X and for any e > 0 there exists © € X such
that x > M —¢.

Proof. (i) = (ii) Assume that M is the least upper bound of X. Then clearly M is an
upper bound and we have to show that for any € > 0 we can find a number x € X such that
x>M —e¢.

Because M is the least upper bound and M — e < M, we deduce that M — € is not an
upper bound for X. In other words, the opposite of (2.5) must be true, i.e., there must exist
x € X such that x is not less or equal to M — ¢.

(ii) = (i) We have to show that if M’ is another upper bound then M < M’. We argue
by contradiction. Suppose that M’ < M. Then M’ = M — ¢ for some positive number «.
The assumption (ii) implies that 2 > M — ¢ for some number x € X so that M’ = M — ¢ is
not an upper bound. We reached a contradiction which completes the proof. O

The Completeness Axiom. Any nonempty set of real numbers that is bounded above
admits a least upper bound. O

From the completeness axiom we deduce the following result whose proof is left to you
as Exercise 2.22.

Proposition 2.22. If the nonempty set X C R is bounded below, then it admits a greatest
lower bound. a

Definition 2.23. Let X C R be a nonempty subset.
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(i) We say that X admits a mazimal element if X is bounded above and sup X € X.
In this case we say that sup X is the maximum of X and it is denoted by max X.

(ii) We say that X admits a minimal element if X is bounded below and inf X € X. In
this case we say that inf X is called the minimum of X and it is denoted by min X.

O

Note that the interval I = [0,1) has no maximal element, but it has a minimal element

minl = 0.

2.4. Visualizing the real numbers

The approach we have adopted in introducing the real numbers differs from the historical
course of things. For centuries scientists did not bother to ask what are the real numbers,
often relying on intuition to prove things. This lead to various contradictory conclusions
which prompted mathematicians to think more carefully about the concept of number and
treating the intuition more carefully.

This does not mean that the intuition stopped playing an important part in the modern
mathematical thinking. On the contrary, intuition is still the first guide, but it always needs
to be checked and backed by rigorous arguments.

For example, you learned to visualize the numbers as points on a line called the real line.
We will not even attempt to explain what a line is. Instead we will rely on our physical
intuition of this geometric concept. The real line is more than just a line, it is a line enriched
with several attributes.

e It has a distinguished point called the origin which should be thought of as the real
number 0.

e It is equipped with an orientation, i.e., a direction of running along the line visually
indicated by an arrowhead at one end of the line; see Figure 2.1. Equivalently, the
origin splits the line into two sides, and choosing an orientation is equivalent to
declaring one side to be the positive side and the other side to be the negative side.
Traditionally the above arrowhead points towards the positive side; see Figure 2.1

e There is a way of measuring the distance between two points on the line.

the negative side the positive side
* . + '
-2 0 1

Figure 2.1. The real line.

For example, the number —2 can be visualized as the point on the negative side situated
at distance 2 from the origin; see Figure 2.1.
Now that we have identified the set R of real numbers with the set of points on a line,

we can visualize the Cartesian product R? := R x R with the set of points in a plane, called
the Cartesian plane; see the top of Figure 2.2.
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v A
-------------------- P
0 r
Y A _J
- 0 3 >

Figure 2.2. The real line.

Just like the real line, the Cartesian plane is more than a plane: it is a plane enriched by
several attributes.

e [t contains a distinguished point, called the origin and denoted by O.

e It contains two distinguished perpendicular lines intersecting at O. These lines are
called the azes of the Cartesian plane. One of the axes is declared to be horizontal
and the other is declared to be vertical.

e Each of these two axes is a real line, i.e., it has the additional attributes of a real line:
each has a distinguished point, O, each has an orientation, and each is equipped
with a way measuring distances along that respective line. The horizontal axis is
also known as the z-axis, while the vertical one is also known as the y-axis.

The position of a point P in that plane is determined by a pair of real numbers called
the Cartesian coordinates of that point. These two numbers are obtained by intersecting the
two axes with the lines through P which are perpendicular to the axes.

An interval of the real line can be visualized as a segment on the real line, possibly with
one or both endpoints removed. If I is an interval of the real line and f : I — R is a function,
then its graph looks typically like a curve in the Cartesian plane. For example, the bottom
of Figure 2.2 depicts the graph of a function f: [-1,3] — R.
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2.5. Exercises

Exercise 2.1. (a) Prove Proposition 2.3.

(b) State and prove the multiplicative counterpart of Proposition 2.1. O
Exercise 2.2. Prove parts (ii)-(v) of Proposition 2.6. O

Exercise 2.3. (a) Prove that
(z+y)+(z+t)=((@+y)+2)+t, Yo,y,z,teR.

(b) Prove that for any z,y, z,t, € R the sum x + y + z + ¢ is independent of the manner in
which parentheses are inserted. O

Exercise 2.4. Prove parts (iii)-(v) of Proposition 2.8. O

Exercise 2.5. Show that for any real numbers x, y, z such that y, z # 0, we have

Tz T
re_r O
Yz Yy
Exercise 2.6. (a) Show that for any real numbers x,y, z,t such that y,t # 0 we have the
equality
r z zxt4+yz

y t yt

(b) Prove that for any real numbers z,y we have

2? —y? = (z—y)(z+y)

(c) Prove that the function f : (0,00) — R, f(z) = 22, is injective but not surjective. 0
Exercise 2.7. Prove that if x <y and y < x, then x = y. O

Exercise 2.8. (a) Prove that if xy > 0, then either > 0 and y > 0, or z < 0 and y < 0. O

(b) Prove that if z > 0, then 1/z > 0.
(c) Let x > 0. Show that x > 1 if and only if 1/z < 1.
(d) Prove that if y > z > 1, then

1 1
r+—<y+-—. O
z Y

Exercise 2.9. (a) Prove that 22 > 0 for any z € R, x # 0.
(b) Consider the functions

f,g:R=R, flz)=22+1, g(z)=2z+1.

Decide if any of these two functions is injective or surjective.
(c) With f and g as above, describe the functions f o g and go f. O
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Exercise 2.10. Using the technique described in Example 2.13 find all the real numbers z

such that )

x
— <1 O
(x—=1)(x+2) ~
Exercise 2.11. (a) Find a positive number M with the following property:
2
Vo x> M= ——— > 10°.
z+1
(b) Find a positive number M with the following property:
2
Vo: o> M= — : > 106,
(c) Find a real number M with the following property:
2
T 1
Vr . SM=|l——— - 1| < —. O
e (z—1)(z—2) 100
Exercise 2.12. Let a < b. Show that
1
a < 5(a +b) <0,
where 2 is the real number 2 := 1 + 1. Conclude that the interval (a,b) is nonempty. O

Exercise 2.13. Prove that 22 4 y? > 2xy, for any z,y € R. Use this inequality to prove that
® +y* + 22 > ay +yz + 2z, Vr,y,2 € R O

Exercise 2.14. Prove that if 0 < z < g, Ve > 0, then z = 0. (The Greek letter £ (read
epsilon) is ubiquitous in analysis and it is almost exclusively used to denote quantities that
are extremely small.) O

Exercise 2.15. (a) Consider the function f : [0,2] — R given by
0, ze|0,1],
J@) = {1, = £1,2]].
Decide which of the following statements is true.
(i) 3L > 0 such that Vzi,z2 € [0,2] we have |f(z1) — f(z2)| < Llz1 — x2|.
(il) Vai,z9 € [0,2] , 3L > 0 such that |f(z1) — f(x2)| < L|x1 — 2|.
(b) Same question, when we change the definition of f to f(z) = 22, for all z € [0,2]. 0

Exercise 2.16. Show that for any § > 0 and any a € R we have
(a—d,a+0)={z€eR; [zr—a| <} 0

Exercise 2.17. Prove the statements (ii)-(iv) of Proposition 2.11. 0

Exercise 2.18. Prove that for any real numbers a, b, c we have

dist(a, ¢) < dist(a, b) + dist(b, ¢). 0
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Exercise 2.19. Prove that a set X C R is bounded if and only if there exists C > 0 such
that |z| < C, Vo € X. O

Exercise 2.20. Fix two real numbers a,b such that a < b. Prove that for any z,y € [a, ]
we have
|z —y| <b-—a. 0

Exercise 2.21. State and prove the version of Proposition 2.21 involving the infimum of a
bounded below set X C R. O

Exercise 2.22. Let X C R be a nonempty set of real numbers. For ¢ € R define
cX::{cx; :UEX}C]R.
(i) Show that if ¢ > 0 and X is bounded above, then cX is bounded above and
supcX = csup X.
(ii) Show that if ¢ < 0 and X is bounded above, then ¢X is bounded below and
inf ¢cX = csup X.

Exercise 2.23. (a) Let

a
A= {a—i—l’ a>0}.
Compute inf A and sup A.

(b) Let
:{bi’l; beR\{-1}}.

Prove that the set B is not bounded below or above. O



Chapter 3

Special classes of real
numbers

3.1. The natural numbers and the induction
principle

The numbers of the form
1, 14+1, 1+1)+1

and so forth are denoted respectively by 1,2, 3, ... and are called natural numbers. The term
and so forth is rather ambiguous and its rigorous justification is provided by the principle of
mathematical induction.

Definition 3.1. A set X C R is called inductive if
Ve: (reX=z+1¢€X).

O

Example 3.2. The set R is inductive and so is any interval (a,00) If (X,)qeca is a collection
of inductive sets, then so is their intersection

ﬂ X,. 0
acA

Definition 3.3. The set of natural numbers is the smallest inductive set containing 1, i.e.,
the intersection of all inductive sets that contain 1. The set of natural numbers is denoted
by N. O

To unravel the above definition, the set N is the subset of R uniquely characterized by
the following requirements.

e The set N is inductive and 1 € N.
e If S C R is an inductive set that contains 1, then N C S.
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The set N consists of the numbers
1, 2:=1+1, 3:=2+4+1, 4:=3+1,....

Note that 0 ¢ N. Indeed, the interval [1,00) is an inductive set, containing 1 and thus must
contain N. On the other hand, this interval does not contain 0. The above argument proves
that N C [1, 00), i.e.,

n>1, VYneN. (3.1)

v¢ The Principle of Mathematical Induction. If E is an inductive subset of the set of
natural numbers such that 1 € E, then E = N.

In applications the set E consists of the natural numbers n satisfying a property P(n). To
prove that any natural number n satisfies the property P(n) it suffices to prove two things.

e Prove P(1). This is called the initial step.
e Prove that if P(n) is true, then so is P(n + 1). This is called the inductive step.

Sometimes we need an alternate version of the induction principle.

v¢ The Principle of Mathematical Induction: alternate version. Suppose that for
any natural number n we are given a statement P(n) and we know the following.

e The statement P(1) is true.
e For any n € N, if P(k) is true for any k < n, then P(n) is true as well.

Then P(n) is true for any n € N. O

We will spend the rest of this section presenting various instances of the induction prin-
ciple at work.

Proposition 3.4. The sum and the product of two natural numbers are also natural numbers.

Proof. ! Fix a natural number m. For each n € N consider the statement
P(n) := m+ n is a natural number.

We have to prove that P(n) is true for any n € N. We will achieve this using the principle of induction. We first need
to check that P(1) is true, i.e., that m + 1 is a natural number. This follows from the fact that m € N and N is an
inductive set.

To complete the inductive step assume that P(n) is true, i.e., m +n € N. Thus (m+n)+1 € N and
m+n+1)=(m+n)+1eN

This shows that P(n + 1) is also true. O

Lemma 3.5. Vne N, (n#1)= (n—1) e N.

LThe proof can be omitted.
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Proof. For n € N consider the statement

Pn):=n#1=(n-1)eN

We want to prove that this statement is true for any n € N. The initial step is obvious since for n = 1 the statement

n # 1 is false and thus the implication is true.

For the inductive step assume that the statement P(n) is true and we prove that P(n + 1) is also true. Observe

that n 4+ 1 # 1 because n € N and thus n # 0. Clearly (n+1) —1=n€N. ]
Lemma 3.6. The set
Ilz{xEN; x>1}
admits a minimal element and minI; = 2.
Proof. Consider the set
E::{mEN; aczl\/acZ?}CN.
‘We will prove by induction that
E=N. (3.2)
Thus we need to show that 1l € FEandz € E=xz+ 1€ E. Clearly 1 € E.
If z € E, then
e citherx =1sothatx+1=2>2sothatx+1€ E,
e or x > 2 which implies £ +1 > 2 and thus x + 1 € E.
The equality £ = N implies that a natural number n is either equal to 1, or it is > 2. Thus
zeNAz>1=2 2> 2
This shows that
r>2, Vxel.
Clearly 2 € I1 so that 2 = min I. ]

Corollary 3.7. For anyn > 1 the set
H,={zeN; z>n}

admits a minimal element and
min H, =n+ 1.

Proof. We will prove that for any n € N the statement
P(n): minH, =n+1

is true. Lemma 3.6 shows that P(1) is true.

Let us show that P(n) = P(n + 1). Since n + 2 € Hy,y1 it suffices to show that * > n+ 2, Vo € Hyp41. Let
x € Hpq1. Lemma 3.5 implies that £ — 1 € N and « — 1 > n so that © — 1 € Hy,. Since P(n) is true, we deduce

r—1>n+1ie,x>n+2.

O
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Corollary 3.8. Suppose that n is a natural number. Any natural number x such that © > n
satisfies x > n + 1. O

Corollary 3.9. For any natural number n, the open interval (n,n + 1) contains no natural
number.

Proof. From Corollary 3.8 we deduce that if x is a natural number such that z > n, then
x > n + 1. Thus there cannot exist any natural number = such that n < x <n + 1. O

The above results imply the following important theorem.

Theorem 3.10 (Well Ordering Principle). Any set of natural numbers S C N has a minimal
element. a

For a proof of this theorem we refer to [15, §2.2.1].
Definition 3.11. For any n € N we denote by I, the set
]In::{:nGN; 1§:L‘§n}:[1,n]ﬂN. O

Definition 3.12. We say two sets X and Y are said to have the same cardinality, and we
write this X ~ Y, if and only if there exists a bijection f: X — Y. A set X is called finite
if there exists a natural number n such that X ~ I,. O

Let us observe that if X,Y, Z are three sets such that X ~Y and Y ~ Z, then X ~ Z;
see Exercise 3.1. This implies that any set X equivalent to a finite set Y is also finite. Indeed,
if X~Y and Y ~1,, then X ~ I,.

At this point we want to invoke (without proof) the following result.
Proposition 3.13. For any m,n € N we have
L, ~I,<=m =n. O
The above result implies that if X is a finite set, then there exists a unique natural
number n such that X ~ I,. This unique natural number is called the cardinality of X and

it is denoted by | X| or #X. You should think of the cardinality of a finite set as the number
of elements in that set.

An infinite set is a set that is not finite. We have the following highly nontrivial result.
Its proof is too complex to present here.

Theorem 3.14. A set X is infinite if and only if it is equivalent to one of its proper?
subsets. O

Theorem 3.15. The set of natural numbers N is infinite.

2We recall that a subset S C X is called proper if S # X.
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Proof. Consider the proper subset
H = {neN; n>1}CN.

Lemma 3.5 implies that if n € H, then (n — 1) € N. Consider the map
f+:H—=N, f(n)=n-1

Observe that this map is injective. Indeed, if f(n1) = f(n2), then ny —1 = ny — 1 so that
n1 = ng. This map is also surjective. Indeed, if m € N. Then, according to (3.1) the natural
number n := m + 1 is greater than 1 so it belongs to H. Clearly f(n) = (m+1)—1=m
which proves that f is also surjective. O

Definition 3.16. A set X is called countable if it is equivalent with the set of natural
numbers. 0

3.2. Applications of the induction principle

In this section we discuss some traditional applications of the induction principle. This serves
two purposes: first, it familiarizes you with the usage of this principle, and second, some of
the results we will discuss here will be needed later on in this class.

First let us introduce some notations. If n is a natural number, n > 1, and we are given
n real numbers aq, ..., a,, then define inductively

ap+ - A an = (a1 + -+ an_1) + an,

ag---Gp = (al cee anfl)an-

We will use the following notations for the sum and products of a string of real numbers.

Thus
n n
Zak::a1+"‘+ana Hak::al"'an-
k=1 k=1
Similarly, given real numbers ag, a1, ..., a, we define
n n
Zak:a0+a1+"'+an, Hak::CLO"'an-
k=0 k=0

For any natural number n and any real number x we define inductively

n T ifn=1
"=
(z" 1)z ifn > 1.

Intuitively
"=x-xT---x.
—
n
If  is a nonzero real number we set
¥ =1

Let us observe that for any natural numbers m, n and any real number x we have the equality

Exercise 3.2 asks you to prove this fact.
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Example 3.17. Let us prove that

n
1
Zkzn(”;”, Vn € N. (3.3)
k=1
The expanded form of the last equality is
1
1+2+---+n:"<"2+), Vn € N.

Let us denote by S, the sum 1+ 2+ --- 4+ n. We argue by induction. The initial case n = 1
is trivial since

1-(1+1)
— 2 =1=5].
5 1
For the inductive case we assume that
S — n(n2—|— 1),

and we have to prove that

g C(n+D)((n+1)+1)  (n+1)(n+2)
n+1 — 9 = 5 .

Indeed we have
n(n+1) 4l n(n2—i— 1) N 2(n2—i— 1) _ n(n+1)—2k2(n+1)

Sn+1:5n+(n+1):

(factor out (n+ 1))

:(n+1)2(n+2). -

Example 3.18 (Bernoulli’s inequality). We want to prove a simple but very versatile inequal-
ity that goes by the name of Bernoulli’s inequality. More precisely it states that inequality

Ve > -1, YneN: (1+z)" >1+nz. (3.4)

We argue by induction. Clearly, the inequality is obviously true when n = 1 and the initial
case is true. For the inductive case, we assume that

1+x)">14nx, Ve>-1 (3.5)
and we have to prove that
A+2)" ™ > 14 (n+ 1)z, Vo> 1.

Since > —1 we deduce 1 + z > 0. Multiplying both sides of (3.5) with the nonnegative
number 1 4 x we deduce

(I+z)""' >0 +z)1+nz)=14+nz+az+nz®>>1+nz+x=1+(n+1) O

Example 3.19 (Newton’s Binomial Formula). Before we state this very important for-
mula we need to introduce several notations widely used in mathematics. For n € N U {0}
we define n! (read n factorial) as follows

0l:=1, 11:=1, 20=1-2, 31 =1-2-3,---nl=1-2---n.
Given k,n € NU {0}, k < n we define the binomial coefficient (Z) (read n choose k)

(0= o
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We record below the values of these binomial coefficients for small values of n

(o) = (o) = 1)
<(2)> - (0')2('2') - G) - (1'?('1') -2 @) - (2!)220!) =1

. (o) 1(0523')1@17 () = we = @m = () =*
erelsamore<lr7lv>ove e:!mnp_e7-6-5~4-3-2-1_7-6~5_7-6-5
3/ (3h4hH  (3H1-2-3-4 3 6

The binomial coefficients can be conveniently arranged in the so called Pascal triangle

= 35.

Observe that each entry in the Pascal triangle is the sum of the closest neighbors above it.

The binomial coefficients play an important role in mathematics. One reason behind
their usefulness is Newton’s binomial formula which states that, for any natural number n,
and any real numbers z,y, we have the equality below

(’1’ 49 )n, o n T” + n Tn/ + n 2 2 4. + n 1 n—1 + n " n
X Yy = 0 e 1 X Yy 2 y " 1 Ty n y
o Z < > n— A L

We will prove this equality by induction on n. For n =1 we have

(t+y)l=z+y= <é>x+ G)y

which shows that the case n =1 of (3.6) is true.

As for the inductive steps, we assume that (3.6) is true for n and we prove that it is true
for n + 1. We have

(3.6)

(z+y)" =@ +y)(z+y"

(use the inductive assumption)

o) (e (e () ()
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_ n n+ n n—1 + n n—2 2+ + n nfl_i_ n n
- 0 v 1 vy 2 vy n—1 e n Y
2y n T R n zy n y"
2 n—1 n
< n >x2yn1 + <n> J?y”
n—1 n

n n—1, 2 n n—2, 3 n an T n n+1
e (et (2 i ()

|
TN
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~_
S
3
+
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3
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<
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S N———
S
3
L
<
o
+

Clearly

(0)=1=("3") () ==(),

We want to show 1 < k < n we have the Pascal formula

()= () o

<Z> + (k i 1> - k!(nni PIRETE 1)!(2!— Y

n! n!
T RE DR =D -k —kt1D)

Indeed, we have

- (k:—l)T!l(!n—k)! <11+n—/1<:+1>
n! ‘<(n—k+1) k )

S (k=D!n—k)! \k(n—k+1) k(n—k+1)
B n! n+1
T (k=1D(n—k)! k(n—k+1)
_ (n+ 1)n! (4D <n+1>
(k=D - ((n—k+D(n—Fk)!) En+1-Fk! k)
This completes the inductive step. O

3.3. Archimedes’ Principle
We begin with a simple, but fundamental observation.

Proposition 3.20. Suppose that the nonempty subset E C N is bounded above. Then E has
a mazimal element ng, i.e., ng € £ and n < ng, Vn € E.
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Proof. From the completeness axiom we deduce that E has a least upper bound M = sup F € R.
We want to prove that M € E. We argue by contradiction. Suppose that M ¢ E. In partic-
ular, this means that any number in F is strictly smaller than M.

From the definition of the least upper bound we deduce that there must exist ng € F
such that

M—-1<ng <M.

On the other hand, any natural number n greater than ng must be greater than or equal to
ng+ 1, n > ng + 1. Observing that ng + 1 > M, we deduce that any natural number > ng
is also > M. Since M ¢ E, then ng < M, and the above discussion show that the interval
(ng, M) contains no natural numbers, thus no elements of E. Hence, any real number in
(ng, M) will be an upper bound for E, contradicting that M is the least upper bound. O

Theorem 3.21 (Archimedes’ Principle). Let € be a positive real number. Then for any x > 0
there exists n € N such that ne > x. 3

Proof. Consider the set
E::{nEN; nsgx}.

If £ = (), then this means that ne > x for any n € N and the conclusion of the theorem is
guaranteed. Suppose that F # (). Observe that

x
n< —, Yne k.
€

Hence, the set F is bounded above, and the previous proposition shows that it has a maximal
element ng. Then ng + 1 € E, so that (ng + 1)e > x. O

Definition 3.22. The set of integers is the subset Z C R consisting of the natural numbers,
the negatives of natural numbers and 0. O
The proof of the following results are left to you as an exercise.

Proposition 3.23. If m,n € Z, then m +n,mn € Z. O

Proposition 3.24. For any real number x the interval (x—1, x| contains exactly one integer.0

Corollary 3.25. For any real number x there exists a unique integer n such that
n<zr<n-+1.

This integer is called the integer part of x and it is denoted by |z ].

Proof. Observe that the inequalities n < x < n + 1 are equivalent to the inequalities
r—1<n<uz.

By Proposition 3.24, the interval (z — 1,z] contains exactly one integer. This proves the
existence and uniqueness of the integer with the postulated properties. O

3A popular formulation of Archimedes’ principle reads: one can fill an ocean with grains of sand.
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o |4

Theorem 3.26 (Division with remainder). Let m,n € Z, n > 0. There exists a unique pair
of integers (q,r) € Z X 7 satisfying the following properties.

Observe for example that

(i) m=qgn+r.
(i) 0 <r<n.

Proof. Uniqueness. Suppose that there exist two pairs of integers (g1,71) and (g2, 72) satisfying (i) and (ii). Then

ngi +ri1=m=nq2 + 12,
so that,

ngpr—ngz=r2—711=>n(qr —q)=r2—r1=n-|g —q| =|r2 —ri.
The natural numbers ri,rg satisfy 0 < 71,72 < |n| so that ri,r2 € [0,n — 1]. Using Exercise 2.20 we deduce
[ra —r1] <nm —1. Hence n - |q1 — g2| < n — 1 which implies
n—1
lg1 — ¢2] £ —— < 1.
n

The quantity |g1 — g2| is a nonnegative integer < 1 so that it must equal 0. This implies ¢; = 2 and

re —r1 =n(q1 — q2) = 0.
This proves the uniqueness.

Existence. Let

m
- |2 ez
n
Then m
< —<qg+l=>ng<m<n(g+1l)=ng+n=0<m-—ng<n.
n
We set r := m — nq and we observe that the pair (g, r) satisfies all the required properties. O

Definition 3.27. (a) Let m,n € Z, m # 0. We say that m divides n, and we write this m|n
if there exists an integer k£ such that n = km. When m divides n we also say that m is a
divisor of n, or that n is a multiple of m, or that n is divisible by m.

(b) A prime number is a natural number p > 1 whose only divisors are +1 and +p. O

Observe that if d is a divisor of m, then —d is also a divisor of m. An even integer is an
integer divisible by 2. An odd integer is an integer not divisible by 2.

Given two integers m, n consider the set of common positive divisors of m and n, i.e., the

set
Dy ={deN; dmAdn }.

This set is not empty because 1 is a common positive divisor. This is bounded above because
any divisor of m is < |m|. Thus the set D,,, has a maximal element called the greatest
common divisor of m and n and denoted by ged(m,n). Two integers are called coprime if
ged(m,n) =1, i.e., 1 is their only positive common divisor.

The next result describes on the most important property of the set Z of integers. We
will not include its rather elaborate and tricky proof. The curious reader can find the proof
in any of the books [1, 2, 11].
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Theorem 3.28 (Fundamental Theorem of Arithmetic). (a) If p is a prime number that
divides a product of integers mn, then p|m or p|n.

(b) Any natural number n can be written in a unique fashion as a product
n=pit-ppt

where p1 < pg < --- < pg are prime numbers and aq, . .., ax are natural numbers. O

3.4. Rational and irrational numbers

We want to isolate another important subclasses of real numbers.

Definition 3.29. The set of rationals (or rational numbers) is the subset Q C R consisting
of real numbers of the form m/n where m,n € Z, n # 0. O

If ¢ is a rational number, then it can be written as a fraction of the form ¢ = 7%, n # 0.
We denote by d the ged(m,n). Thus there exist integers m; and n; such that
m=dmq, n=dn;.

Clearly the numbers m,n; are coprime, and we have

. dm1 . mi
N dn1 N ni '
We have thus proved the following result.
Proposition 3.30. Every rational number is the ratio of two coprime integers. O

The proof of the following result is left to you as an exercise.

Proposition 3.31. Ifq,r € Q, then g+ r,qr € Q. O

We have a sequence of inclusions
NcZcQcCR.
Clearly N £ Z because —1 € Z, but —1 ¢ N. Note however that, although Z contains N, the
set of integers Z is countable, i.e., it has the same cardinality as N.

Next observe that Z # Q. Indeed, the rational number 1/2 is not an integer, because it
is positive and smaller than any natural number.

Similarly, although Q strictly contains Z, these two sets have the same cardinality: they
are both countable. However, the following very important result shows that, loosely
speaking, there are “many more rational numbers”.

Proposition 3.32 (Density of rationals). Any open interval (a,b) C R, no matter how small,
contains at least one rational number.

Proof. From Archimedes’ principle we deduce that there exists at least one natural number
n such that n > ;1. Observe that (b— a) is the length of the interval (a,b). This inequality
is obviously equivalent to the inequality

1
ﬁ<b—a<:>n(b—a)>1
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(This last equality codifies a rather intuitive fact: one can divide a stick of length one into
many equal parts so that the subparts are as small as we please.)

We will show that we can find an integer m such that ™ € (a,b). Observe that

m
a< — <b<=na<m<nb<= mée€ (na,nd).
n

This shows that the interval (a,b) contains a rational number if the interval (na,nb) contains
an integer.

Since n(b — a) > 1, we deduce nb > na + 1. In particular, this shows that the interval
(na,na + 1] is contained in the interval (na,nb). From Proposition 3.24 we deduce that the
interval (na,na + 1] contains an integer m. O

This abundance of rational numbers lead people to believe for quite a long while that all
real numbers must be rational. Then the ancient Greeks showed that there must exist real
numbers that cannot be rational. These numbers were called irrational. In the remainder of
this section we will describe how one can produce a large supply of irrational numbers. We
start with a baby case.

Proposition 3.33. There exists a unique positive number r such that > = 2. This number
is called the square root of 2 and it is denoted by /2

Proof. We begin by observing the following useful fact:
Vo,y>0: z <y’ <y’ (3.8)
Indeed
y? — 22 > 0=y — z)(y + x) > 0=y > .

This useful fact takes care of the uniqueness because, if 1,79 are two positive real numbers

such that r = r3 = 2, then r] = ro<=1r? = r3.

To establish the existence of a positive r such that 72 = 2 consider as in Example 2.16(b)
the set

R:{$>0; x2<2}.
We have seen that this set is bounded above and thus it admits a least upper bound
r .= sup R.

We want to prove that 72 = 2. We argue by contradiction and we assume that r? # 2. Thus,
either r2 < 2 or r2 > 2.

Case 1. 72 < 2. We will show that there exists g such that (r + £9)2 < 2. This would
imply that r + 9 € R and would contradict the fact that r is an upper bound for R because
r would be smaller than the element r + ¢y of R.

Set § :=2 —r2. For any ¢ € (0,1) we have
(r+e)?—r?= ((r—i—s)—r)((r—i—e)%—r) =e(2r+e)<e2r+1).

Now choose a number ¢y € (0, 1) such that

< —.
0S5
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Then
(r+e0)?—r?<ep(2r+1)<9
= (r+e)?<r?+d=r’42-1=2=r4¢<cR.

Case 2. r? > 2. We will prove that under this assumption
Jeo € (0,1) such that r—go >0 and (r —gp)? > 2. (3.9)
Let us observe that (3.9) leads to a contradiction. Indeed, observe that (r — eg) is an upper
bound for R. Indeed, if x € R, then
2 <2< (r—ep)? (?ég)a:<r0—5.

Thus, r — &g is an upper bound of R and this upper bound is obviously strictly smaller than
r, the least upper bound of R. This is a contradiction which shows that the situation 72 > 2
is also not possible. Let us now prove (3.9).

Denote by 6 the difference 6 = 2 — 2 > 0. For any ¢ € (0,r) we have

r?2—(r—e)*= (7’—(7’—5))(7“—1—(7“—5)) =e(2r —e) < 2re.
We have thus shown that for any € € (0,r) we have (r —e) > 0 and
2 —(r—e)? < 2ree=(r —e)> > r? — 2re.

Now choose ¢ € (0,7) small enough so that gy < %. Hence 2reg < 6 so that —2reg > —0
and

(r—eo)?>r*—2reg>r2—d=r>—(r* —2)=2.
We deduce again that the situation 72 > 2 is not possible so that 72 = 2.

The result we have just proved can be considerably generalized.

Theorem 3.34. Fix a natural number n > 2. Then for any positive real number a there
exists a unique, positive real number r such that r"™ = a.

Proof. Existence. Consider the set
S = {SER; 520/\3"§a}.

Observe that this is a nonempty set since 0 € S. We want to prove that S is also bounded.
To achieve this we need a few auxiliary results.

Lemma 3.35 (A very handy identity). For any real numbers z,y and any natural number
n we have the equality

.’En_yn — (x_y) . (xn_1+xn_2y+...+$yn_2—|—yn_1) (310)

Proof. We have
(x_y)'(xn—l+xn—2y+_“_‘_xyn—2_‘_yn—1)
— .Z‘(IEn_l +xn—2y+ L +1,yn—2 +yn—1) _ y(xn—l +xn—2y+ L. +xyn—2 _|_yn—1)
="+ wn—ly + wn—2y2 4. +x2yn—2 _’_.,Eyn—l

n—1 n—2, 2 2. n—2 n—1 n
—a" Ty ="y = 2ty T ey —y
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— " yn
O
Here is an immediate useful consequence of this identity.
VneN, Ve,y >0: z<y=z" <y". (3.11)

Indeed
Y2 > 0=y —2)(y" +y" e+ 4 2") > 0=y —z > 0.

Lemma 3.36. Any positive real number x such that z" > a is an upper bound for S. In
particular, any natural number k > a is an upper bound for S so that S is a bounded set.

Proof. Let x be a positive real number such that ™ > a. We want to prove that x > s for
any s € 5. Indeed
3.11
sGS#s”San"(:)sgx.
This proves the first part of the lemma.

Suppose now that k is a natural number such that k > a. Observe first that
P>kl s o> k> .

From the first part of the lemma we deduce that k is an upper bound for S. O

The nonempty set S is bounded above. The Completeness Axiom implies that it admits
a least upper bound

r:=supsS.
We will show that r"* = a. We argue by contradiction and we assume that r™ # a. Thus,
either " < a, or ™ > a.

Case 1. ™ < a. We will show that we can find g9 € (0,1) such that (r +e9)"” < a. This
would imply that r + 9 € S and it would contradict the fact that r is an upper bound for S
because r is less than the number r +¢¢ € S.

Denote by § the difference § := a —r™ > 0. For any ¢ € (0,1) we have
(rte) == (o) —r) (4" () 22 )

(r+e<r+1)
§s((rJrl)"*l+(T+1)"72r+---+r"71)

—q
We have thus proved that
(r+e)" <r"™+eq, Vee(0,1).

Choose go € (0,1) small enough so that

1)

€0 < —<=epq < 6.

q

Then
(r+e)" <r"+epg<rm+d=a=>r+e €8S

This contradicts the fact that r is an upper bound for S and shows that the inequality r™ < a is impossible.
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Case 2. r" > a. We will prove that under this assumption
Jdeg € (0,1) such that » —g9 >0 and (r —ep)" > a. (3.12)

Let us observe that (3.12) leads to a contradiction. Indeed, Lemma 3.36 implies that r — &g
is an upper bound of S and this upper bound is obviously strictly smaller than 7, the least
upper bound of S. This is a contradiction which shows that the situation b™ > a is also not
possible. Let us now prove (3.12).

Denote by § the difference 6 = r™ —a > 0. For any ¢ € (0,r) we have
rt—(r—e)" = (rf(rf€)>(r"_1+rn_2(r75)+--~+---+(r76)"_1)

((r—¢) <b)
<e (Tn—l +T"_27‘+-~~+Tn_1).

—q
We have thus shown that for any ¢ € (0,r) we have (r —¢&) > 0 and

r"—(r—e)" <eqe=(r—e)" >r" —eq.
Now choose €¢ € (0, ¢) small enough so that eg < g. Hence €pgq < § so that —epq > —d and
(r—e))">r"—eog>r"—6=r"—(r""—a) =a.

We deduce again that the situation 7™ > a is not possible so that r™ = a. This completes the existence part of the

proof.

Uniqueness. Suppose that ri, 79 are two positive numbers such that i = r§ = a. Using
(]3.11) we deduce that ry = r5.This completes the proof of Theorem 3.34. O

The above result leads to the following important concept.

Definition 3.37. Let a be a positive real number and n € N. The n-th root of a, denoted
1
by a» or {/a is the unique positive real number r such that r" = a. O

Theorem 3.38. The positive number V2 is not rational.

Proof. We argue by contradiction and we assume that /2 is rational. It can therefore be
represented as a fraction,

V2 = @, m,n € N, ged(m,n) = 1.
n

Thus 2 = ’7’:—22 and we deduce
2n? = m?. (3.13)
Since 2 is a prime number and 2|m? we deduce that 2|m, i.e., m = 2m; for some natural
number m;. Using this last equality in (3.13) we deduce
2n? = (2m1)? = 4m? = n® = 2mi.

Thus 2|n?, and arguing as above we deduce that 2|n. Hence 2 is a common divisor of both
m and n. This contradicts the starting assumption that ged(m,n) = 1 and proves that /2
cannot be rational. O
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Now that we know that there exist irrational numbers, we can ask, how many are they.
It turns out that most real numbers are irrational, but we will not prove this fact now.
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3.5. Exercises

Exercise 3.1. (a) Suppose that X,Y are two sets such that X ~ Y. Prove that Y ~ X.
(b) Prove that if XY, Z are sets such that X ~Y and Y ~ Z, then X ~ Z. 0

Exercise 3.2. Prove by induction that for any natural numbers m,n and any real number
x we have the equality
x = (™) (z"). 0

Exercise 3.3. (a) Prove that for any natural number n and any real numbers
ai, az, . "?anablw "7bn7c
we have the equalities

Zak+bk ZaH—ij, ank —0(2%) O
k=1 j=1 k=1

(b) Using (a) and (3.3) prove that for any natural number n and any real numbers a,r we

have the equality

n

Z(aJrkr) =a+(a+r)+(a+2r)---+(a+nr)= (n+1)a+rn(n;_1).
k=0
(c) Use (b) to compute
3+T7T+11+15+19+---4999,999.
Express the above using the symbol > .
(d) Prove that for any natural number n we have the equality
1+3+5+-+(2n—1) =n? O

Exercise 3.4. Prove that for any natural number n and any positive real numbers z,y such
that z < 1 < y we have
" <z, y<y™ O

Exercise 3.5. Prove that if 0 < a < b, and n > 2, then

Ya < Vb, a<\r<—<b O

Exercise 3.6. Find a natural number Ny with the following property: for any n > Ny we

have
o< 1 __ 1! 0
n24+1 105 1,000,000

Exercise 3.7. Prove that for any natural number n and any real number x # 1 we have the
equality.

n
11—z 1

=l+az+a®+ - +a"" O
1—2
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Exercise 3.8. (a) Compute

(2) () () () ()

(b) Show that for any n,k € NU {0}, £ < n we have
n\ ([ n
k) \n—k)
(c) Use Newton’s binomial formula to show that for any natural number n we have the
equalities
(M) (D) () =2
0 1 2 n)
n n n n
_ e (=) =0.
(0) = (1) (3) + v () =

(0 () = () D

Exercise 3.9. Show that for any real number z, the interval (z — 1, z] contains exactly one
integer.

Deduce that

Hint: For uniqueness use the Corollaries 3.8 and 3.9. To prove existence consider separately
the cases

oz €.
e (z€R\Z)A(z>0).
o (x eR\Z)A(x<0).

Exercise 3.10. Let a,b, ¢ be real numbers, a # 0.

(a) Show that

b\ (-4
ar’ +br+c=a <:1:+> — (ac) , Vx eR.
2a 4a
(b) Prove that the following statements are equivalent.
(i) There exist 71,72 € R such that
az® +bx +c = a(x —r1)(z — r2).
(ii) There exists r € R such that ar? + br 4+ c = 0.
(iii) b* — 4ac > 0.

Exercise 3.11. Find the ranges of the functions

T+ 1

fi(-00,5) > Ry fl@) =,
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and .
R—=R = —. O

Exercise 3.12. (a) Show that the equation x?

then prove that r1, 79 satisfy the equalities

—x — 1 =0 has two solutions 71,79 € R and

ri+reo=1, riro=—1.

(b) For any nonnegative integer n we set

n+1 n+1
T —T
Fn —_ 1 2
L —T2

where 71,79 are as in (a). Compute Fy, F1, Fs.

(c) Prove by induction that for any nonnegative integer n we have

n+2 _ _n+l n n+2 _ _n+l n
ry T =1y FTry, Ty T =Ty T+ Ty,

and

Fn+2 :Fn+1+Fn-
(d) Use the above equality to compute F3, ..., Fy. O
Exercise 3.13. Prove Propositions 3.23 and 3.31 . a

Exercise 3.14. (a) Verify that for any a,b > 0 and any m,n € N we have the equalities

a” kn :cf:?, vk € N.

= Recall that an expression of the form 7 bla-bla-bla =: x” signifies that the quantity x is
defined to be whatever bla-bla-bla means. In particular the notation

(av)™ =t a’
indicates that the quantity an is defined to be the m-th power of the n-th root of a.
(b) Prove that if a > 0, then for any m, m’ € Z and n,n’ € N such that

m m
n n'’
then
m m’
anr = Q n’

Any rational number r admits a nonunique representation as a fraction

m
r=—, meZ nelN
n

Part (b) allows us to give a well defined meaning to a”, > 0, r € Q.
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(c) Show that for all r1, 72 € Q and any a > 0 we have

T q"2 = gl

at-a
(d) Suppose that a > b > 0. Prove that for any rational number r > 0 we have
a” >b".
(e) Suppose that a > 1. Prove that for any rational numbers 71, 73 such that 7 < ry we have
at < a.

(f) Suppose that a € (0,1). Prove that for any rational numbers r1, 7o such that r; < ro we
have

a™ > a.

3.6. Exercises for extra-credit

Exercise* 3.1. Consider the map f : N — Z defined by
_(_1\ynt1 |7
fm) = (=0 |3,

(i) Compute (1), /(2), /(3), (4), £(5), (6, /(7).
(ii) Given a natural number k, compute f(2k) and f(2k — 1).
(iii) Prove that f is a bijection.
O

Exercise* 3.2. (a) Let p be a prime number and n a natural number > 1. Prove that {/p
is irrational.

(b) Let m,n be natural numbers and p, ¢ prime numbers. Prove that
P =q""" = (p=0q) A (m=n). O

Exercise* 3.3. Let S C [0, 1] be a set satisfying the following two properties.

(i) 0,1 € S.
(ii) For any n € N and any pairwise distinct numbers sq,..., s, € S we have
R
n
Show that S =Qn0,1]. O

Exercise* 3.4. Given 25 positive real numbers, prove that you can choose two of them x,y
so none of the remaining numbers is equal to the sum x + y or the differences z —y, y — .0

Exercise* 3.5. At a stockholder’ meeting, the board presents the month-by-month profit
(or losses) since the last meeting. “Note” says the CEO, “that we made a profit over every
consecutive eight-month period.”
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“Maybe so0”, a shareholder complains, “but I also see that we lost over every consecutive
five-month period!”

What is the maximum number of months that could have passed since the last meeting?0
Exercise* 3.6 (Erdos-Szekeres). Suppose we are given an injection f : {1,...,10001} — R.
Prove that there exists a subset I C {1,...,10001} of cardinality 101 such that, either

f(ll) < f(ig), Vil,ig c I, il < ig,

or
f(’Ll) > f(ig), Vil,’iz c I, 11 < 19. O

Exercise* 3.7 (Chebyshev). Suppose that p1,...,p, are positive numbers such that
prto e =1
Prove that if z1,...,x, and y1,...,y, are real numbers such that
rp<x2 <<y and Y1 <y <o <y,
then

n n n
Z-Tkykpk > (Z x¢p¢> Zyjpj : 0
k=1 i=1 j=1

Exercise* 3.8. Let £k € N. We are given k pairwise disjoint intervals I,...,I; C [0,1].
Denote by S their union. We know that for any d € [0, 1] there exist two points p, g € S such
that dist(p, q) = d. Prove that

length (1) + - - - + length (I},) >

| =






Chapter 4

Limits of sequences

The concept of limit is the central concept of this course. This chapter deals with the simplest
incarnation of this concept, namely the notion of limit of a sequence of real numbers.

4.1. Sequences

Formally, a sequence of real numbers is a function x : N — R. We typically describe a
sequence = : N — R as a list (z,)nen consisting of one real number for each natural number
n?

L1y, X2,L3y+ ey Lpyees o
Often we will allow lists that start at time 0, (zy)n>0,

Lo, L1, L2y .

If we use our intuition of a real number as corresponding to a point on a line, we can think of
a sequence (Zn)n>1 as describing the motion of an object along the line, where z,, describes
the position of that object at time n.

Example 4.1. (a) The natural numbers form a sequence (n),en;,
1,2,3,....
(b) The arithmetic progression with initial term a € R and ratio r € R is the sequence
a,a+r,a+2r,a+3r,....

For example, the sequence
3,7,11,15,19, - - -
is an arithmetic progression with initial term 3 and ratio 4. The constant sequence
a,a,a,...,

is an arithmetic progression with initial term 0 and ratio 0.
(c) The geometric progression with initial term a € R and ratio r € R is the sequence

a,ar,ar®,ar’,. .. .
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For example, the sequence

1,—-1,1, -1,

is the geometric progression with initial term 1 and ratio —1.

(d) The Fibonacci sequence is the sequence Fy, Fy, Fy, ... given by the initial condition
Fo=F =1,

and the recurrence relation
Foio=Fy1 + F,, Vn2>0.
For example
Fob=14+1=2, F;=2+41=3, F;,=34+2=5, F;=5+3=8,....

In Exercise 3.12 we gave an alternate description to the Fibonacci sequence. O

Definition 4.2. Let (zy,),en be a sequence of real numbers.
(i) The sequence (zy,)nen is called increasing if
Ty < Tpt1, VN €N
(ii) The sequence (zy)nen is called decreasing if
Ty > Tpt1, VN €N
(iii) The sequence (z,)nen is called non-increasing if
Ty > Tpt1, VN €N
(iv) The sequence (z,)nen is called non-decreasing if
Tp < Tpy1, Vn €N

(v) A sequence (zp)nen is called monotone if it is either non-decreasing, or non-
increasing. It is called strictly monotone if it is either increasing, or decreasing.

(vi) The sequence (xy,)nen is called bounded if there exist real numbers m, M such that

m<xz, <M, VnéeN. O

Note that an arithmetic progression is increasing if and only if its ratio is positive, while a
geometric progression with positive initial term and positive ratio is monotone: it is increasing
if the ratio is > 1, decreasing if the ratio < 1 and constant if the ratio is = 1. A geometric
progression is bounded if and only if its ratio r satisfies |r| < 1.

A subsequence of a sequence x : N — R is a restriction of x to an infinite subset S C N.
An infinite subset S C N can itself be viewed as an increasing sequence of natural numbers
np<ng<ng<...,

where
ny:=minS, ng=minS\ {n1},...,ngr1 :=min S\ {ny,...,ng},....

Thus a subsequence of a sequence (zy,)nen can be described as a sequence (xy, )ken, Where
(nk)ken is an increasing sequence of natural numbers.
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4.2. Convergent sequences

Definition 4.3. We say that the sequence of real numbers (z,) converges to the number
x e Rif

Ve >0: IN = N(e) € N such that Vn > N(e) we have |z, —z| <e. (4.1)

A sequence (x,,) is called convergent if it converges to some number x. More precisely, this
means

drx €R, Ve >0: IN = N(¢) € N such that Vn > N(e) we have |z, —z| <e. (4.2)

The number z is called a limit of the sequence (a,). A sequence is called divergent if it is
not convergent. O

Observe that condition (4.1) can be rephrased as follows

Ve >0: IN = N(e) € N such that Vn > N(¢) we have dist(z,,z) <e. (4.3)
Before we proceed further, let us observe the following simple fact.

Proposition 4.4. Given a sequence (x,,) there exists at most one real number x satisfying
the convergence property (4.1).
Proof. Suppose that z,z’ are two real numbers satisfying (4.1). Thus,

Ve >0: IN = N(¢) € N such that Vn > N we have |z, —z| < ¢,

and
Ve >0: IN' = N'(¢) € N such that ¥n > N’, we have |z, —2/| <e.

Thus, if n > Ny(e) := max( N(g), N'(¢) ) then

|z — 2|, |20 — 2| < €.
We observe that if n > Ny(e), then

|z — 2| = [(x — 2p) + (20 — )| < |2 — 20| + |70, — 27| < 26.
In other words
Ve>0: |z—1'| <2 Vn> Ny(e).

In the above statement the variable n really plays no role: if |x — /| < 2¢ for some n, then
clearly |z — 2/| < 2¢ for any n. We conclude that

Ve>0: |z—1/|<2e.

In other words, the distance dist(z, 2') = |z —2'| between x and 2’ is smaller than any positive
real number, so that this distance must be zero (Exercise 2.14) and hence z = /. O

Definition 4.5. Given a convergent sequence (), the unique real number x satisfying the
convergence condition (4.1) is called the limit of the sequence (z,) and we will indicate this
using the notations
r= lim x, or x =limz,.
n—oo n

We will also say that (x,,) tends (or converges) to x as n goes to cc. 0
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Observe that

lim z, = z<= lim |z, — 2| =0. (4.4)
n—oo n—oo

The next example shows that convergent sequences do exist.
Example 4.6. (a) If (x,,) is the constant sequence, z,, = x, for all n, then (z,,) is convergent
and its limit is a.
(b) We want to show that

im & =0, vo > o0l (4.5)

n—oo N
Let € > 0 and set N(e) := L%J + 1 € N. We deduce
c . N() 1
> fe, —= > —.

N el bl
(¢) e’ T C 5
For any n > N(e) we have
AN V() N
— -=—<e
C C € n
Hence for any n > N(e) we have
C
|zp| = — <€ o
n

Definition 4.7. (a) A neighborhood of a real number z is defined to be an open interval («, 3) that contains z, i.e.,
z € (o, B).

(b) A neighborhood of oo is an interval of the form (M, oo), while a neighborhood of —oo is an interval of the form
(—o0, M). O

‘We have the following equivalent description of convergence. Its proof is left to you as an exercise.
Proposition 4.8. Let (zy,) be a sequence of real numbers. Prove that the following statements are equivalent.

(i) The sequence (zyn) converges to x € R as n — oo.

(ii) For any neighborhood U of x there exists a natural number N such that

vn(n>N=z,€U). O

The proof of the following result is left to you as an exercise.

Proposition 4.9. Suppose that (x,)nen i a convergent sequence and x = limy, o0 T,
(i) If (zn,)k>1 is a subsequence of (xy,), then

lim z,, = .
k—o00

(i) Suppose that (z},)nen is another sequence with the following property
dNg € N: Vn > Ny :r;;l:mn.
Then

lim z), = . O
n—oo
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Part (ii) of the above proposition shows that the convergence or divergence of a sequence
is not affected if we modify only finitely many of its terms. The next result is very intuitive.

Proposition 4.10 (Squeezing Principle). Let (an) (zn), (yn) be sequences such that
ANy € N:Vn > Ny, =, < ap < yp.

If

lim z, = lim y, = a,
n—oo n—oo

then

lim a, = a.
n—oo

Proof. We have
dist(an,a) < dist(an, x,) + dist(zy, a).
Since ay, lies in the interval [z, y,] for n > Ny we deduce that
dist(an, x,) < dist(yn, ), Vn > No,

so that
dist(an, a) < dist(yn, ) + dist(x,,a), ¥Yn > Np.
Now observe that
dist(yn, xn) < dist(yn, a) + dist(a, ).
Hence,
dist(an, a) < dist(yn, a) + dist(a, z,,) + dist(zy, a)

4.6
= dist(yn, a) + 2dist(zy, a), Vn > Ny. (4.6)

Let € > 0. Since x,, — a there exists N,(¢) € N such that

Vn > N.(e) : dist(zy,a) < %.
Since y, — a there exists Ny(¢) € N such that

Vn > Ny(e) : dist(yn,a) < g
Set N (e) := max{Ny, Ny(¢), Ny(e)}. For n > N(e) we have

dist(zy,a) < %, dist(yn, a) <

W ™

and thus
dist(yn, a) + 2dist(z,,a) < e.
Using this in (4.6) we conclude that
Vn > N(e) dist(an,a) <e.

This proves that a,, — a as n — oo. a
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Corollary 4.11. Suppose that a € R and (ay), (x,) are sequences of real numbers such that
lan, —a|l <z, Vn, lim z, =0.
n—oo

Then

lim a, = a.
n—oo

Proof. We have squeezed the sequence |a,, — a| between the sequences (x,,) and the constant
sequence 0, both converging to 0. Hence |a,, — a| — 0 and, in view of (4.4), we deduce that
also a,, — a. O

Example 4.12. We want to show that
VM >0, Vre (—1,1) lim Mr" =0| (4.7)

n—o0

Clearly, it suffices to show that M|r|™ — 0. This is clearly the case if r = 0. Assume r # 0.
Set
1
I
Then R > 1 so that R =1+, 6 > 0. Bernoulli’s inequality (3.4) implies that Vn € N we
have R™ > 1 + nd so that

M M M C M
Mlr|" = — < <—==—, C:=—.
= R ST m S W 5
From Example 4.6 (b) we deduce that
lim — = 0.
n on
The desired conclusion now follows from the Squeezing Principle. O
Example 4.13. We want to prove that
,r.’l’l
lim— =0, Vr e R| (4.8)
n n!

We will rely again on the Squeezing Principle. Fix Ny € N such that Ny > 2|r|. Then for
any n > Ny we have

ol _ r[Yor—o
n'| n!l 1-2---Nog-(No+1)(Ng+2)---n
B 1 B 4
Ng! No+1 No+2 n
=:Co (n — Np) terms
Now observe that
o

N0—|—17N0—|—2’”"’I’L Ny 5’

rn 1 n—Np 1 —Np 1 n N )
a<alz) oy (g) -reae

and we deduce
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If we denote by M the constant 2V0Cjy and we set z, :== M2, n € N, we deduce that

n

Vn > Ny : < Ty

n!

Example 4.12 shows that z,, — 0 and the conclusion (4.8) now follows from the Squeezing
Principle. O

Proposition 4.14. Any convergent sequence of real numbers is bounded.

Proof. Suppose that (a,),>1 is a convergent sequence

a= lim a,.
n—oo

There exists N € N such that, for any n > N we have
lan, —a| < 1.
Thus, for any n > N we have a, € (a —1,a+ 1). Now set
m = min{al,ag,...,a]\[,a—l}, M = max{al,(zQ,...,aN,a—l—l}.
Then for any n > 1 we have
m<a, <M,

i.e., the sequence (ay) is bounded.

4.3. The arithmetic of limits

This section describes a few simple yet basic techniques that reduce the study of the conver-
gence of a sequence to a similar study of potentially simpler sequences. Thus, we will prove
that the sum of two convergent sequences is a convergent sequence etc.

Proposition 4.15 (Passage to the limit). Suppose that (an)n>1 and (by)n>1 are two conver-
gent sequences,

a:= lim a,, b= lim b,.
n—oo n—ro0

The following hold.
(i) The sequence (ap, + byp)n>1 is convergent and
nlLrlgo(an +by,) = nh_}ngo an + nh_>ngo b, =a+b.
(ii) If X € R then

lim (Aa,) = A lim a, = Aa.

(i)
lim (a, - b,) = ( lim an) . (nlim bn) = ab.

n—oo n—oo — 00
(iv) Suppose that b # 0. Then there exists Ny > 0 such that b, # 0, VN > Ny and
lim n _ 2
n—oo by, b

(v) Suppose that m, M are real numbers such that m < a, < M, ¥n. Then
m< lim a, =a < M.

n—oo
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Proof. (i) Because (a,) and (b,) are convergent, for any € > 0 there exist N,(g), Np(¢) € N
such that

lan — a| < g Vi > Ny(e), (4.92)
by, — b] < % Vn > Ny(e). (4.9b)

Let
N(g) := max{Ny(e), No(e) }.

Then for any n > N(g) we have n > N,(¢) and n > Ny(e) and
| (an +bn) — (a+b)| =](an—a)+ (b —b)| <

(4.9a),(4.9b)
<

lan, — a| + |by, — 0]

+ - =c

| ™

This proves that limy, oo (an + b,) = a +b.

(ii) If A = 0, then the sequence (\ay,) is the constant sequence 0,0,0,... and the conclu-
sion is obvious. Assume that A # 0. The sequence (a,) is convergent so for any £ > 0 there
exists N = N(g) € N such that

lan, —al < ‘%, VYn > N(e).
Hence for any n > N(&) we have
Aan — Aa| = [\ - |an — a| < |)\|-ﬁ:5.

(iii) The sequences (ay,), (by) are convergent and thus, according to Proposition 4.14 they are
bounded so that
aM > 0: |anl, |bn| < M, Vn.

We have
|anb, — ab|] = |(anby, — aby) + (ab, — ab)| < |anb, — ab,| + |ab, — ab]
= |bn| - |an — a| + |a| - |bp — b] < M|an — a| + |a] - [bn, — 0]
Part (ii) coupled with the convergence of (a,) and (by,) show that

lim Mla, —a| = lim |a|-|b, —b] = 0.

Using (i) we deduce
lim (M|a, — a| +|a| - |b, — b]) = 0.

n—o0

The squeezing principle shows that |a,b, — ab| — 0.

(iv) Let us first show that if b # 0, then b, # 0 for n sufficiently large. Since b, — b there
exists Ng € N such that
0]

Vn > Ny |bn—by<?.

Thus, for any n > Ny, we have
1 1
dist (b, b) = |b, — b < §|b| =3 dist(b,0).

This shows that for n > Ny we cannot have b,, = 0. In fact

b
|bp| > ’2’, Vn > Np. (4.10)
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Thus, the ratio Z—Z is well defined at least for n > Ny. We have
1 1‘ b — b

The inequality (4.10) implies
2
— < —, Vn > Np.
[bn|  [B]
Hence, for n > Ny we have
L1 < 2 |by, — 0] — 0
b, b |p[2"" )
This implies
. 1
R
Thus
. an, . . a
lim — = lim a, - lim — = —.
n—oo by, n—00 n—oo by, b

(v) We argue by contradiction. Suppose that a > M or a < m. We discuss what happens if
a > M, the other situation being entirely similar. Then § = a — M = dist(a, M) > 0. Since
an — a, there exists N € N such that if n > N, then

1)
dist(an,a) = |a, —a| < 7
Thus, for n > Ny we have
1) 1)
a — 5 <ap<a-+ 5
Clearly M =a—6 < a— % and thus, a fortiori, a,, > M for n > Ny. Contradiction! O

Corollary 4.16. Suppose that (ay) and (by,) are convergent sequences such that a, > by, Vn.
Then

lim a, > lim b,.

n—oo n—oQ

Proof. Let ¢,, = a,, — b,,. Then ¢, > 0 Vn and thus

lim a, — lim b, = lim ¢, > 0.
n—0o0 n—o0 n—oo

Let us see how the above simple principles work in practice.

Example 4.17. We already know that

lim — =0
n—oo N
We deduce that for any k& € N we have
1
n—oo n
Consider the sequence
_ 5n2 + 3n + 2

=R o1
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We have

3
S+—+—5 =25, 3——+—5 =3,
non
so that
Jm o =5
More generally, given k € N and real numbers ag, bg, . . . , ax, bx such that by # 0 then
k
. an™ +---+ain+ ap Qg
1 = —| 4.11
TL1—>HOIO bknk—l—”-—i-bln—i-bo bk ( )
The proof is left to you as an exercise. O
Example 4.18. We want to show that
.on
Vr>1 lim— =0| (4.12)
n rh

We plan to use the Squeezing Principle and construct a sequence (z,)n>1 of positive numbers

such that
n
— <z, Vn>2,
TTL
and
lim z, = 0.
n

Observe that since » > 1, we have r —1 > 0. Set a := r — 1 so that » = 1+ a. Then, using
Newton’s binomial formula we deduce that if n > 2 then

r”—(1+a)”—1+<?>a+<Z>a2+--~21+<?>a+<g>a2

1 2
:1+na—|—n(nQ)a2:1+na+a2(n2—n).
Hence for n > 2 we have
1 1
7§ 1/. 92 2
r 5(n? —n)a* +na+1
so that
n n
— < — =: Tp.
T 4 (n?—n)+na+1
Now observe that
1
n n n—00
Ty = 3 = — — 0 a
(S0 Dri+d) S0-Drit
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Example 4.19. We want to show that

lim /n =1 (4.13)

Let ¢ > 0. The number r. = 1+ ¢ is > 1. Since r% — 0 we deduce that there exists
N = N(e) € N such that

ﬁn <1, Vn> N(e).

£

This translates into the inequality

n<rl!=(14+¢e)", ¥n> N(e).
In particular

1< Yn< Y(1+e)=1+e.

We have thus proved that for any ¢ > 0 we can find N = N(¢) € N so that, as soon as
n > N(e) we have

1<{Yn<l+e.
Clearly this proves the equality (4.13). O

Definition 4.20 (Infinite limits). Let (a,)nen be a sequence of real numbers.

(i) We say that a, tends to co as n — oo, and we write this

lim a, = co
n—0o0

if
VC >0 IN=N(C)eN: Vn(n>N =a, > ().

(ii) We say that a, tends to —oo as n — 0o, and we write this

lim a, = —o©
n—oo
if
VC'>0 IN=N(C)eN: ¥Yn(n>N = a, < —-C). 0

Proposition 4.15 continues to hold if one or both of limits a, b are oo provided we use
the following conventions

C
ot+oo=00-0=00, —=0, VCeR|
00

00, C>0
C-00=( —o0, C<0
undefined, C =0,

oo — oo = undefined, 0 - oo = undefined, g undefined.

8
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Example 4.21. (a) If we let a,, = n and b, = %, then Archimedes’ Principle shows that
an, — oo and b, — 0. We observe that a,b, =1 — 1. In this case oo -0 = 1. On the other
hand, if we let

1

2TL

then a,, — 0o, b, — 0 and (4.12) shows that a,b, — 0. In this case co -0 = 0.

ap =n, by, =

(b) Consider the sequences a,, = n, b, = 2n, ¢, = 3n, Vn € N. Observe that

lim a, = lim b, = lim ¢, = co.

n—oo n—oo n—oo
However
an 00 1 an 00 1
lim —=—=-, lim —=—=-. O
n—oo b, oo 2 n—ooce, oo 3

& Important Warning! When investigating limits of sequences you should keep in mind
that the following arithmetic operations are treacherous and should be dealt with using
extreme care.

anything

, 0-00, 00— 00,
0

JE

4.4. Convergence of monotone sequences

The definition of convergence has one drawback: to verify that a sequence is convergent using
the definition we need to a priori know its limit. In most cases this is a nearly impossible
job. In this and the next section we will discuss techniques for proving the convergence of a
sequence without knowing the precise value of its limit.

Theorem 4.22 (Weierstrass). Any bounded and monotone sequence is convergent.
Proof. Suppose that (a,) is a bounded and monotone sequence, i.e., it is either non-decreasing,
or non-increasing. We investigate only the case when (a,) is nondecreasing, i.e.,
a1 <ax<az<---.
The situation when (a,,) is non-increasing is completely similar.
The set of real numbers
A= { an; n>1 }
is bounded because the sequence (a,,) is bounded. The Completeness Axiom implies it has a
least upper bound

a = sup A.
We will prove that
lim a, = a. (4.14)
n—oo
Since a is an upper bound for the sequence we have
an < a, Vn. (4.15)

Proposition 2.21 implies that for any € > 0 there exists N(g) € N such that

a—¢€<an()-
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Since (ay,) is nondecreasing we deduce that
a—¢<ayne) < ap, Vn> N(e) (4.16)
Putting together (4.15) and (4.16) we deduce that
Ve >0 AN =N(e)eN: Vn(n>N()=a—c<a, <a).

This implies the claimed convergence (4.14) because a — € < a, < a = |a, — a|] < €. 0

We will spend the rest of this section presenting applications of the above wvery important
theorem.

Example 4.23 (L. Euler). Consider the sequence of positive numbers

1 n
xn:<1+> , neN.
n

We will prove that this sequence is convergent. Its limit is called Euler’s number e.

We plan to use Weierstrass’ theorem applied to a new sequence of positive numbers

1 n+1
yn:<1+n> , neN.
n+1 n+1
n
n \™
yn—l_ ?) B n n. n n+1
Yn (il n+l1 n—1 n+1

n

Note that

and for n > 2 we have

3 (77

n2n+1 n2n n

n—1)"(n+1)" - (n+1) M2—1)" n+1

2 n n
n n 1 n
= : =1+ : .
<n2—1) n+1 < n2—1) n+1
~—

=iqn

Bernoulli’s inequality implies that

1 " n n 1 n+1
=11 >1 >14+—==1+—-=
i <+n2—1> R | Tz L n
Hence
Yn—1 n n+1 n
=dn - : =
Un n+1 n n+1

Hence y,—1 > yn Yn > 2, i.e., the sequence (y,,) is decreasing. Since it is bounded below by
1 we deduce that the sequence (y,) is convergent.

Now observe that y, = x,, - (1 + %) =, - "TH so that
n
n+1

Tp = Yn *

Since
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we deduce that (z,,) is convergent and has the same limit as the sequence (y,). O

Definition 4.24. The Fuler number, denoted e is defined to be

1 n
e:= lim (l + ) . O
n—oo n

The arguments in Example 4.23 show that that

4=y >e>2.
Using more sophisticated methods one can show that

e = 2.71828182845905 . .. .

Example 4.25 (Babylonians and I. Newton). Consider the sequence (x,,)nen defined recur-
sively by the requirements

\V)

1
r1 =1, xn+1:2<xn+x>, Vn € N.
n

2 1>:

V(3 2\ 13 4\ _17
=—|-4+s]==(=4=)=— etc.
BTe\27" 3 2\273) T 12

We want to prove that this sequence converges to v/2. We proceed gradually.

Thus

—_
[\

Tro =

)

| W

(1+

Lemma 4.26.
T, > V2, ¥n>2. (4.17)

Proof. Multiplying with 2x,, both sides of the equality

1 2
xn—f—l:i $n+;
n

we deduce 2x,2,11 = 22 + 2, or equivalently
2 — 2z, 12, +2=0. (4.18)
This shows that the quadratic equation
t2 — 2zt +2=0
has at least one real solution, ¢t = ,,41 so that (see Exercise 3.10)
A=d4a? , —8>0,

ie., xflﬂ > 2, 0r Tyl > V2, Vn €N, O

Lemma 4.27. For any n > 2 we have

Tptl < Tp.
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Proof. Let n > 2. We have

1 2 122 —2 (417
Tp —Tntl =Tn— = | T+ — ) == > 0.
2 2 x,

O

Thus the sequence (z,,),>2 is decreasing and bounded below and thus it is convergent. Denote
by Z the limit. The inequality (4.17) implies that Z > /2. Letting n — 0o in (4.18) we deduce

72272 +2=0=2=32=71 =2

For example
x9 = 1.5, x3 =1.4166..., x4 := 1.4142..., x5:= 1.4142....

Note that
(1.4142)% = 1.99996164. O

Theorem 4.28 (Nested Intervals Theorem). Consider a nested sequence of closed intervals
[an,bn], n €N, ie.,

[al,bl] D [ag,bg] D [ag,bg] Do
Then there exists x € R that belongs to all the intervals, i.e.,

m [an, bn] # 0.

neN

Proof. The nesting condition implies that for any n € N we have
an < apy1 < bpy1 < by,

This shows that the sequence (a,) is non-decreasing and bounded while the sequence (by,) is
non-increasing. Therefore, these sequences are convergent and we set

a:=lima,, b:=limb,
n n
the condition a,, < b,, Vn implies that
an <a<b<b,, Vn.
Hence [a,b] C [an, by], Vn. 0

Theorem 4.29 (Bolzano-Weierstrass). Any bounded sequence has a convergent subsequence.

Proof. Let (x,) be a bounded sequence of real numbers. Thus, there exist real numbers
a1, by such that x,, € [aq,b;], for all n. We set

ny = 1.

Divide the interval [aj, b1] into two intervals of equal length. At least one of these intervals
will contain infinitely many terms of the sequence (x,). Pick such an interval and denote it
by [ag, bQ] Thus

1
[a1,b1] D [ag,b2], by —as = §(b1 —ay).

Choose ng > 1 such that z,, € [az,bs]. We now proceed inductively.
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Suppose that we have produced the intervals
[alabl] D) [(IQ,bQ] 0D [akvbk]

and the natural numbers ny < ny < --- < ng such that

1 1 1
by —as = =(b1 —a1), bg—az=—-(ba—ag), by —ar = =(bg—1 —ar_1),
2 2 2

Ty € [a17b1]7 Tno S [a2762]7"'$nk € [akabk]7

and the interval [ag, bg] contains infinitely many terms of the sequence (x,). We then divide
[ak, bg] into two intervals of equal lengths,. One of them will contain infinitely many terms of
(z5,). Denote that interval by [ag41,bk+1]. We can then find a a natural number ny; > ng
such that x,, | € [ag41,br41]. By construction

(bk—ak) == i(CLl—bl).

b1 — ap41 = oF

N

We have thus produced sequences (ag

~—

, (bk) (2n,) with the properties

ar <ag <o <ap < xgy, b <o <by < by, (4.19a)

by — ag b1 — a1). (4.19b)

1
= i

The inequalities (4.19a) show that the sequences (ax) and (by) are monotone and bounded,
and thus have limits which we denote by a and b respectively. By letting k¥ — oo in (4.19b)
we deduce that a = b.

The subsequence (zy, ) is squeezed between two sequences converging to the same limit
so the squeezing theorem implies that it is convergent. O

Definition 4.30. A limit point of a sequence of real numbers (x,,) is a real number which is
the limit of some subsequence of the original sequence (zy,). O

Example 4.31. Consider the sequence

1
Ty = (—1)”4—;, n € N.

Thus
=1+ 1 =—-1+ 1
Top = — x =— )
n on’ T2l o2n+1

Then the numbers 1 and —1 are limit points of this sequence because

1
lim z9, = lim (1 + > =1,
n—00 n—00 2n

1
lim zop41 = lim (—1+ > =—1. O



Introduction to Real Analysis 69

4.5. Fundamental sequences and Cauchy’s
characterization of convergence

We know that any convergent sequence is bounded, so that boundedness is a necessary
condition for a sequence to be convergent. However, it is not also a sufficient condition. For
example, the sequence

1,-1,1,-1,...,
is bounded, but it is not convergent.

Weierstrass’s theorem on bounded monotone sequences shows that monotonicity is a
sufficient condition for a bounded sequence to be convergent. However, monotonicity is not
a necessary condition for convergence. Indeed, the sequence

(="

Ty = , neN
n

converges to zero, yet it is not monotone because the even order terms are positive while the
odd order terms are negative. In this subsection we will present a fundamental necessary and
sufficient condition for a sequence to be convergent that makes no reference to the precise
value of the limit. We begin by defining a very important concept.

Definition 4.32. A sequence of real numbers (ay)nen is called fundamental (or Cauchy) if
the following holds:

Ve >0 IN = N(e) € N such that Vm,n > N(e) : |am —an| < €. (4.20)
O

Theorem 4.33 (Cauchy). Let (ap)nen be a sequence of real numbers. Then the following
statements are equivalent.

(i) The sequence (ay,) is convergent.

(ii) The sequence (ay,) is fundamental.

Proof. (i) = (ii). We know that there exists a € R such that
Ve >0 dN =N(e) e N: Vn > N(e) |an, —a| <e.
Observe that for any m,n > N(c/2) we have

e €
lam — an| < lam —al + |a —ap| < stz =¢
This proves that (a,) is fundamental.
(ii) = (i) This is the “meatier” part of the theorem. We will reach the conclusion in three
conceptually distinct steps.

1. Using the fact that the sequence (a,) is fundamental we will prove that it is
bounded.

2. Since (ay) is bounded, the Bolzano-Weierstrass theorem implies that it has a sub-
sequence that converges to a real number a.

3. Using the fact that the sequence (a,) is fundamental we will prove that it converges
to the real number a found above.
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Here are the details. Since (a,) is fundamental, there exists n; > 0 such that, for any
m,n > ny we have |a,, — a,| < 1. Hence if we let m = n; we deduce that for any n > n; we
have

lan, —an| <1=ap, —1<a, <an, +1, Yn>n;.
Now let

m :=min{ay,ag,...,an,—1,0n, — 1}, M :=max{a,az,...,an,—1,an, + 1}.

Clearly
m<a, <M, YneN
so that the sequence (a,) is bounded.

Invoking the Bolzano-Weierstrass theorem we deduce that there exists a subsequence
(an,)k>1 and a real number a such that

lim a,, = a.
kooo  F

Let € > 0. Since a,, — a as k — oo we deduce that

IK = K(e) € N such that Vk > K () : |an, — a| < %
On the other hand, the sequence (ay)nen is fundamental so that
€
5
Now choose a natural number ko(¢) > K(e) such that ny, ) > N’'(g). Define

AN’ = N'(¢) € N such that Vm,n > N'(g) : |am — an| <

N(S) = nko(g).
If n > N(e) then n,ng, > N'(¢) and thus

|an — an, | < %
On the other hand, since ky(¢) > K(¢) we deduce that
£
|an,, —al < 7
Hence, for any n > N(g) we have

e €
\an—a|S|an—ank0|+\ank0—a|<§+§<€.

Since £ was arbitrary we conclude that (a,,) converges to a. O

4.6. Series

Often one has to deal with sums of infinitely many terms. Such a sum is called a series. Here
is the precise definition.

Definition 4.34. The series associated to a sequence (a,)n>0 of real numbers is the new
sequence (sp)n>0 defined by the partial sums

n
So = ag, S1 = ag -+ ai, 32:ao—i—al—l—ag,...,sn:a0+a1+---+an:E Qiy oo
i=0
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The series associated to the sequence (ay)n>0 is denoted by the symbol

oo
E a, Or E an,-
n=0

n>0

The series is called convergent if the sequence of partial sums (sp)p>0 is convergent. The
limit lim,, .o S5, is called the sum series. We will use the notation

Zan =5
n>0

to indicate that the series is convergent and its sum is the real number S. O

Example 4.35 (Geometric series. Part 1). Let r € (—1,1). The geometric series

oo
Zr”:1+r+r2+~-

n=0

is convergent and we have the following very useful equality

1
> = : 4.21
e (4.21)

n=0

Indeed, the n-th partial sum of this series is
1— n+1
Sn:1+r++7‘n:$
1—r

Example 4.12 shows that when |r| < 1 we have lim,, 7"*! = 0 so that

= 1

E r" =lims, = .
n 1—7r

n=0

Observe that if we set r = £ in (4.21) we deduce

1
227:2. 0

n=0

The proof of the following result is left to you as an exercise.

Proposition 4.36. Consider two series
Zan and Za%
n>0 n>0
such that there exists Ng > 0 with the property
a, = a, ¥Yn > Ny.

Then

E an, 1S convergent <= E a’n 18 convergent. O
n>0 n>0
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Proposition 4.37. If the series > - an is convergent, then

lim a, = 0.
n—oo

Proof. Observe that for n > 1
Sp=ap+ a1+ +apn—1+ap =Sp—1 + apn.
Hence
Qp = Sp — Sp—1-

The sequences (Sp)n>1 and (Sp—1)p>1 converge to the same finite limit so that

lima, =lims, —lims,_1 =0.
n n n

Example 4.38 (Geometric series. Part 2). Let |r| > 1. Then the geometric series
[e.e]
S
n=0

is divergent. Indeed, if it were convergent, then the above proposition would imply that
r™ — 0 as n — oo. This is not the case when |r| > 1. O

Proposition 4.39. A series of positive numbers
Z an, ap >0 Vn
n>0

is convergent if and only if the sequence of partial sums
Sp=ap+ -+ ap

s bounded.

Proof. Observe that the sequence of partial sums is increasing since

Sn+l — Sp = Gp41 > 0, Vn.
If the sequence (s;,) is also bounded, then Weierstrass’” Theorem on monotone sequences
implies that it must be convergent.

Conversely, if the sequence (s,,) is convergent, then Proposition 4.14 shows that it must
also be bounded. O

Example 4.40. (a) Consider the harmonic series
il:1+1+}+... .
=n 2 3
This is a series with positive terms. Observe that
G =11, sy=1ti>140,
2 2
1

I S TI VIE IE
A R I
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1 1 1 1 2 1 1 1 1
523:58:54+5+8+?+§>1+§+5+6+?+§
4 terms 4 terms
S PR S S
2 8 8 8 8 2
4 terms
Thus
3
823>1+§.
We want to prove that
@n>1+g,vnzz (4.22)

We have shown this for n = 2 and n = 3. The general case follows inductively. Observe that
27+l = 2. 97 = 2" 4 2™ and thus

1 1
52n+1252n+ﬁ+...+ﬁ

2™_terms

271
:32"+7:52”+§

> Son + 2n+1

2n+1 2n+1

2"-terms

(use the inductive assumption)

S
2 2
This proves that (4.22) which shows that the sequence san is not bounded. Invoking Propo-

sition 4.39 we conclude that the harmonic series is not convergent.

(b) Let » > 1 be a rational number and consider the series

o0

1
n:lnr
We have )
82:1+277
= +i+i< +i+i< —|—2_l+1+L
§4= 52 3r 4r 52 or or 52 or - or 9(r—1)’
_ _ 1 1 1 1 4 _ 1 1 1
823_88_S4+§+§+%+87<S4+47_§+1+2(r71)+22(r71)'
We claim that for any n > 1 we have
1 1 1 1
Son+1 < ? + 1+ 50—1) + 22(r—1) + -+ m (4'23)

We argue inductively. The result is clearly true for n = 1,2. We assume it is true for n and
we prove it is true for n + 1. We have

1 1 1
ey ey Ty

2n terms

Son+1 = Son +
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1 1 1 1
<82"+W+ (2n)r +--+ (Qn)r :S2n+m
2n terms
(use the induction assumption)
1 1 1 1 1 1
< or + 1+ 2(r—1) + 22(r—1) + + 2(n—1)(r—1) + 271(1"—1) :

If we set

1 1 r—1
q:= 2T_1 = <2> 9

then we observe that the condition » > 1 implies ¢ € (0,1) and we can rewrite (4.23) as

1 1 1
Sont1 < —+14+qg+--4+¢"< =+ -—, VneN.

2r 2r 1—g¢q
This implies that the sequence (s2n) is bounded and thus the series
— 1
n=1 n’

is convergent. Its sum is denoted by ((r) and it is called Riemann zeta function For most r’s,
the actual value ((r) is not known. However, L. Euler has computed the values ((r) when r
is an even natural number. For example

=1 2
2) = g — = —.
n=1
All the known proofs of the above equality are very ingenious. O

Given a series )7 a, and natural numbers m < n we have

n
Sn—Sm = (mi1 +amar+-Fan) = Y ag
k=m+1

Cauchy’s Theorem 4.33 implies the following useful result.

Theorem 4.41 (Cauchy). Let Y -~ ja, be a series of real numbers. Then the following
statements are equivalent.

(i) The series Y .2 ay is convergent.
(i)
Ve >0 IN = N(e) € N such that Y¥n >m > N(e) |ams1 + -+ an| < e.

Theorem 4.42 (Comparison principle). Suppose that
Zan and an
n>0 n>0

are two series of positive real numbers such that

ANy € N such that Yn > Ny : ap < by,.
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Then the following hold.
(a) 3 >0 an divergent = 3, - by divergent.

(b) 350 bn convergent = 3 4 an convergent.

Proof. We set
sp(a) = Zan, sn(b) = an.
k=0 k=1

In view of Proposition 4.36 the convergence or divergence of a series is not affected if we
modify finitely many of its terms. Thus, we may assume that

an < bp, Yn>0.
In particular, we have
sn(a) < sp(b), ¥n>0. (4.24)
Note that since the terms a,, are positive
Z ap divergent = s,(a) — 00 = sp(b) = 00 = Z b, divergent
n>0 n>0
and

Z b, convergent = s,(b) bounded = s,(a) bounded = Z a, convergent.
n>0 n>0

O

The above result has an immediate and very useful consequence whose proof is left to
you as an exercise.

Corollary 4.43. Suppose that

Z a, and Z by,

n>0 n>0
are two series with positive terms.

(a) If the sequence (3™ )n>0 is convergent and the series ) - by is convergent, then the series
Y om0 0n 18 also convergent.

(b) If the sequence (Z—Z)nzo has a limit r which is either positive, r > 0, or r = co and the

series » ,~qbn is divergent, then the series ), < an is also divergent. O

Example 4.44 (L. Euler). Consider the series

o0

1_1 1 1 1 495
D=l gttt (4.25)
n=0

Observe that if n > 2, then

1 1 1 1 1 1

e G - =

nl 2 3 n-_ 2 2 2n—1 2m

——
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Since the series
2
on
n>0

is convergent we deduce from the Comparison Principle that the series (4.25) is also conver-

gent. Its sum is the Euler number

=1 _ 1\"
Z—:e:hm 14— .
n! n n

n=0

(4.26)

This is a nontrivial result. We will describe a more conceptual proof in Corollary 8.8. How-

ever, that proof relies on the full strength of differential calculus.

Here is an elementary proof. We set

\" 1 1 1
en=(1+—] , sn=1+—-+—-+-+ Vn € N,
n 2!

n!’

We will prove two things.
en < Sp, Yn>1
s <e, Vk2>1.
Assuming the validity of the above inequalities, we observe that by letting n — oo in (4.27a) we deduce that

e < lims,,.
n

On the other hand, if we let kK — oo in (4.27b), then we conclude that
li <e.
ims, < e
Hence (4.27a, 4.27b) imply that

(oo}

1

e =lims, = —.
n

n=0 """

Proof of (4.27a). Using Newton’s binomial formula we deduce

en = <1+%>n=1+<2)%+(2)%++<2)%

nl nn-1)1 nn—1)(n—-2) 1 nn—1)---1 1
=14 —— — T it St
+ 1Un + 2! n?2 + 3! n3 Tt n! nn
nl nn-1) 1 nn-1)mnN-2) 1 nn—1)---1 1
* n 1! * n? 2! + n3 3! Tt nn n!

<1 <1 <1

1 1 1 1 1
< +ﬂ+a+§+"'+a—sn~

Proof of (4.27b). Fix k € N. Then from the same formula above we deduce that if k¥ < n, then
1 -1)1 -1 -2)1 -1)---11
nl -1 am-DE-21 a1l 1

en:1+ﬂn 2! n2 3! n3 n! nn
(neglect the terms containing the powers %7j > k)
nl nn-1)1 nn—1)(n—2) 1 nn—1)---(n—k+1) 1
>1+——+ =+ et —
1n 21 n? 3! n3 k! nk
71+1+n—11+n—1n—2 1+ +n—1 n—k+1 1
n 1! n 2! n n 3! n n k!

—14 1 +(1 1\ 1 4 (1 1 1 2\ 1 n 4 (1 1 1 2 1 k—1\ 1
B 1! n/) 2! n n /) 3! n n n kU
If we let n — oo, while keeping k fixed we deduce

e= lim ep,
n—oo

1 . 1\ 1 . 1 2\ 1
>14+4—+Ilm (1——) =4+ lim (1—— 1—— ) =+
1! nooco n/) 2  noco n n/ 3!

(4.27a)
(4.27b)
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w (-3) 0=0) - 0-57)3
coo4 lim (1—— 1——)- 1= —— | = =sg.
n— o0 n n n k'
Let us now estimate the error
B (Ll N 1
€n =€ — Sn = +F+§+ - +ﬁ+5+"'+a
S S SR
T (n41)! (n+2)!
Clearly £, > 0 and
En = ! (1 + ! + ! + )
" (n+1)! n+2  (n42)(n+3)
<1(1+ +1+1+---)
(n+1)! n+2 (n+2)?2 (n+2)3
_ 111 n42
S 4D -5 () nt
For example, if we let n = 6, then we deduce that
8
0<ep < g = oo & 0.000
This shows that s5 computes e with a 2-decimal precision. We have
I R T T
= 276 24 120 T
so that
e=271... o
Definition 4.45. The series of real numbers
D _an
n>0
is called absolutely convergent if the series of absolute values
D lanl
n>0
is convergent. O
Theorem 4.46. If the series
D _an
n>0
is absolutely convergent, then it is also convergent.
Proof. Since
2 lan|
n>0
is convergent, then Theorem 4.41 implies that
Ve>0 AN =N()eN: VYn>m > N(e): |amsi|+ -+ |an| <e.
On the other hand, we observe that
|amy1 + -+ an| < |amga| + -+ [an|
so that
Ve>0 IN=N() eN: Vn>m>N(e): |ams1+ - +an| <e.
Invoking Theorem 4.41 again we deduce that the series ) . a, is convergent as well. O
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The Comparison Principle has the following immediate consequence.

Corollary 4.47 (Weierstrass M-test). Consider two series
D ) bn
n>0 n>0
such that by, > 0 for any n and there exists Ny € N such that
lan| < by, ¥Yn > No.

Then the series <, an converges absolutely. O

The Weierstrass M-test leads to a simple but very useful convergence test, called the
D’Alembert test or the ratio test.

Corollary 4.48 (Ratio Test). Let

Zan

n>0
be a series such that a, # 0 Vn and the limit

[ — lim (9l >0
n— 00 ’an|

exists, but it could also be infinite. Then the following hold.

(i) If L < 1, then the series )~ an is absolutely convergent.
(ii) If L > 1 then the series ), <, an is not convergent.

Proof. (i) We know that L < 1. Choose r such that L < r < 1. Since

’an—i-l’ Ny
|an|

there exists Ny € N such that

|an+1‘
|an|

<7, ¥Yn> Ny < |ant1| < lan|r, Vn > Np.

We deduce that
lang+1] < lang|r, |angra| < langs1lr < lang|r?,
and, inductively
lang sk < 7¥lan,|, Yk € N.

If we set n = Ny + k so that £k = n — Ny, then we conclude from above that for any, n > Ny

we have

—N, |an|
R e

=:C
In other words
lan| < Cr", ¥n > Ny.

The series geometric series ), < bpn, by = Cr", is convergent for r € (0,1) and we deduce
from Weierstrass’ Test that the series ), - |an| is also convergent.
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(ii) We argue by contradiction and assume that the series ), - |an| is convergent. Since
L > 1 we deduce that there exists a Ny € N such that

’an+1|

|an|

>1, ¥n> Ny <> |ant1]| > |an|, ¥n > Np.

Since the series ) ., we deduce that lim, a, = 0. On the other hand, |a,| > |an,| for
n > Ngso that

0 = lim |ay| > |an,| > 0.
n

This contradiction shows that the series » - [an| cannot be convergent. 0

Example 4.49. (a) Consider the series

Then

lan| 373 2
The D’Alembert test implies that the series is absolutely convergent.

(b) Consider the series

2
o] S 1412 11
= = — = — — as n — .
n 2 2

‘We observe that
1

v n(n+1)

_ n _ n _ 1
N S RN SRS TR Ty

Hence

lim
n—oo —

so that there exists Ny > 0 such that
1

v/ 1
w>§ vn>N07
n

i.e.,
1 1
— > —, Vn > Nj.
n(n+1) 2n
In Example 4.40(a) we have shown that the series Y, - 5- is divergent. Invoking the com-
parison principle we deduce that the series ) -, \/% is also divergent. O
= n(n+1)

Definition 4.50. A series is called conditionally convergent if it is convergent, but not
absolutely convergent. O
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Example 4.51. Consider the series

(—1)™ 11 1
P e i
S+l 2 '3 4

Example 4.40(a) shows that this series is not absolutely convergent. However, it is a conver-
gent series. To see this observe first that

1 1+1 L1 <
Sy = So = S — — — = S0 — —_ — = S
0 y 92 0 2 3 0 2 3 05

1 1 1 1
= Sop — = Sop — - < Son.
R i R s Sl <2n 12 on+ 3) o2
Thus the subsequence sg, s2, S4, . . ., is decreasing.

Next observe that

1 1 1
81:1—§>0, S3 =81+ - —— > sq,

3 4
+ ! ! >
s =s — s .
2n+3 T S T 9 2n+1
Thus, the subsequence s, s3, S5, ..., is increasing. Now observe that
1
Son+2 — Sontl = > 0.

2n+3
Hence
So > Sop+2 > Soptl > s1.
This proves that the increasing subsequence (s2,+1) is also bounded above and the decreasing
sequence (S2,+2) is bounded below. Hence these two subsequences are convergent and since

1
lim(s -5 = lim =0
o ( 2n+2 2n+1) o 2n+3
we deduce that they converge to the same real number. This implies that the full sequence
(Sn)n>0 converges to the same number; see Exercise 4.23.

The sum of this alternating series is In2, but the proof of this fact is more involved an
requires the full strength of the calculus techniques; see Example 9.52. O

4.7. Power series

Definition 4.52. A power series in the variable x and real coefficients ag, ai,as,... is a
series of the form

s(x) = ap + a1z + agax® + -+ .
The domain of convergence of the power series is the set of real numbers = such that the
corresponding series s(z) is convergent. O

Proposition 4.53. Consider a power series in the variable x with real coefficients

s(x):a0+a1x+aga:2+---.

Suppose that the nonzero real number xg is in the domain of convergence of the series. Then
for any real number x such that |x| < |zo| the series s(x) is absolutely convergent.
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Proof. Since the series

ao—i—Cleo—i-CLQZ%-i—"'
is convergent, the sequence (anz{) converges to zero. In particular, this sequence is bounded
and thus there exists a positive constant C such that

lanzy| < C, Vn=0,1,2,....
We set

_ 2l
|zo|
and we observe that 0 < r < 1. Next we notice that
n
n’ = ’an$8‘|fo“n = |an$8’rn < Cr", Vn.

Since 0 < r < 1 we deduce that the positive geometric series

C+Cr+Cr*+-

|anx

is convergent. The comparison principle then implies that the series
lao| + |arz| + |agx?| + - -

is also convergent. O

The above result has a very important consequence whose proof is left to you as an
exercise.

Corollary 4.54. Consider a power series in the variable x and real coefficients
s(z) = ag + a1z + agx® + - .
We denote by D the domain of convergence of the series. We set

R {sup D, if D is bounded above,

0, if D is not bounded above. (4.28)
Then the following hold.
(i) R>0.
(i) If z is a real number such that |x| < R, then the series s(x) is absolutely convergent.

(iii) If z is a real number such that |x| > R, then the series s(x) is divergent.
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4.8. Some fundamental sequences and series

lim 920, vC > 0.

n—,oo N

lim Cn = o0, VC > 0.

n—0o0

1
lim " = lim — =0, Vr e (0,1), Va > 1.

n—o00 n—oo q"

lim - =0, Vr>1.

n—oo rn

lim 7% = 1, Vr>0.
n—o0
lim n% =1.
n—o0
7,.77,
lim — =0, Vr eR.

n—oo n!

1 n
lim <1 + ) =e.
n—oo n

1
1+r+r2+---+r”+"':17_r’ virl < 1.
. 1 1 1 _
+ﬂ+§+§+"'_e’

1 Jconvergent, s>1
D

et divergent, s < 1.

Definition 4.55. The quantity R defined in (4.28) is called the radius of convergence of the
power series s(x).

O
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4.9. Exercises

Exercise 4.1. Prove, using the definition, the following equalities.

B ()

S i ®)

Ji, 75 = ©

Exercise 4.2. Prove Proposition 4.8. a
Exercise 4.3. Prove Proposition 4.9. a

Exercise 4.4. Let (xy,)n>0 be a sequence of real numbers and z € R. Consider the following
statements.

(i) Ve > 0, AN € N such that, n > N = |z, — z| < e.
(ii) 3N € N such that, Ve >0, n > N = |z, — z| <e.

Prove that (ii) = (i) and construct an example of sequence (x,),>1 and real number x
satisfying (i) but not (ii). 0
Exercise 4.5. (a) Prove that for any real numbers a, b we have

| lal =[] | < |a —b].
(b) Let (z5,)n>0 be a sequence of real numbers that converges to z € R. Prove that
lim |z,| = |z|. 0
n—oo

Exercise 4.6. Compute

I 1 n 1 T 1

im(=4+=+--4+—].
2 22

n—oo
Hint. Observe that
1 1 1 1 1 1
2+22+---+2n:2<1—|—2+~-+2n_1).
At this point you might want to use Exercise 3.7. O

Exercise 4.7. Compute
.2t 428425 4. 4 020
lim .
n—00 22n+3
Hint. Use Exercise 3.7. g

Exercise 4.8. Let X C R be a bounded above set of real numbers. Denote by x* the supre-
mum of X. (The existence of the least upper bound of X is guaranteed by the Completeness
Axiom.) Prove that there exists a sequence of real numbers (z,,),en satisfying the following
properties.

(i) 2n, € X, Vn € N.
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(ii) limp—seo Ty = ™.

Hint. Use Proposition 2.21 and Corollary 4.11. O
Exercise 4.9. Prove the equality (4.11). O

Exercise 4.10. Let 0 < a < b. Compute
an+1 + bn+1

lim ——. O
n—oo g™ 4+ b"

Exercise 4.11. (a) Let (a,) be a sequence of positive real numbers such that lim, a,, = 1.
Prove that

lim+/a, = 1.
(b) Compute
li_}rn Vn(vn+1-+/n).

Hint. Prove first that

VIT1- =

Vo > 0. O

1
Vz+1++/z
Exercise 4.12. Prove that if a > 0, then

1
lim a» = 1.
n—oo

Hint. Consider first the case a > 1. Write an = 1 + &, and then use Bernoulli’s inequality.
Show that the case a < 1 follows from the case a > 1. O

Exercise 4.13. Prove that for any real number z there exists an increasing sequence of
rational numbers that converges to x and also a decreasing sequence of rational numbers
that converges to x.

Hint. Use Proposition 3.32. O

Exercise 4.14. Let (a,)nen be a sequence of positive numbers that converges to a positive
number a. Prove that

de > 0 such that Vn € N a, > c.
Hint. Argue by contradiction. O

Exercise 4.15. Let k € N and suppose that (ay)nen is @ sequence of positive numbers that
converges to a positive number a.

1
(a) Using Exercise 4.14 prove that there exists r > 0 such that a,, > r, Vn, so that a; > re,
vn.

(b) Prove that there exists a constant M > 0 such that

< Mlay, —al, Yn e N.

1 1
al —ak
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1

1
Hint. Set b, := a/i, b := a* and use the equality (3.10) to deduce.
an —a =08 —bF = (b, —b)(OF P+ 0F 20+ b 02 R

n
which implies
lan — al
A N N

|br, — ] =
Now use part (a).
(c) Show that

1
lima} = ak.
n

==

(d) Show that if r € Q, then

lima, =a". 0
n

Exercise 4.16. Ler r > 1 and k € N. Prove that

lim 7" = oo.

n—oo
and N
lim — =0
n—oo 1"
Hint. Let a = r%. Then
nk n\k
2 -(3) u
rh am
Exercise 4.17. Compute
1 n
lim (1 + > . O
n—00 2n

Exercise 4.18. (a) Using Example 4.23 as inspiration prove that the sequence
1 n
Ty = <1 + )
n
(b) Prove that the Euler number e satisfies the inequalities

1 n 1 n+1
(1+> <e<<1+> , Vn eN.
n n

Deduce from the above inequalities that 2 < e < 3. O

is increasing.

Exercise 4.19. Consider the sequence (x,,) defined by the recurrence

T = \/5, Tnt1 =V2+xn, Vn €N

\/m x3=1\/2+ 2+\f :U4—\/2+\/2+

(a) Prove by induction that the sequence (z,,) is increasing.
(b) Prove by induction that z,, < V2+1,Vn eN.

(c) Find limy,—s 00 2.

Thus
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Hint. Consider the function f : (0,00) — (0,00), f(x) = /2 + x and prove that
O<z<y= f(z)< fly) and 2 >0Az = f(z) =z =2 O
Exercise 4.20. Fix a > 0, a # 1 and define f : (0,00) — (0, 00) by

=4 (ee ) - e

Consider the sequence of positive real numbers (z,),>1 defined by the recurrence

x1 =1, xpy1 = f(zn), Yn € N.
Use the strategy employed in Example 4.25 to show that
lim z, = va. O
n—00
Exercise 4.21 (Gauss). Let ag, by be two real numbers such that
0 < ag < by.

Define inductively

apg+b
a1 := y/agbp, b1 = 0T

2 )

an +b
Un+1 = V anbp, bpi1 = B 5 =

(a) Prove by induction that

A

ap <ax <o <ap <by <o <by < by

(b) Prove that the sequences (a,) and (b,) are convergent and

lim a, = lim b,.
n—oo n—oo

Hint: For part (a) use Exercise 3.5. For part (b) use Weierstrass’ Theorem on the conver-
gence of bounded monotone sequences, Theorem 4.22. O

Exercise 4.22. Establish the convergence or divergence of the sequence

1 1
= o4 —, neN. a
n+1 n—i—2+ +2n "

Exercise 4.23. Let (ay,) be a sequence of real numbers. For each n € N we set
bp = agn—1, Cp = azp.
Then the following statements are equivalent.

(i) The sequence (a,,) is convergent and its limit is a € R.

(ii) The subsequences (by,)nen and (¢, )pen converge to the same limit a.
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Exercise 4.24. Suppose (ap)nen is a contractive sequence of real numbers, i.e., there exists
r € (0,1) such that

lan — ant1] < rlan — ap—1], Yn € N,n > 2.
Prove that the sequence (ay)nen is convergent.

Hint. Use the identity
1—rm
1—r
and Cauchy’s theorem Theorem 4.33. O

=1+4+r+--+r"1 VmeN

Exercise 4.25. Consider the sequence of positive real numbers (z,),>1 defined by the re-
currence

1
r1 =1, xn+1:1+x—, Vn € N.

n

Thus
1 3 1 5
141, my=14—— =2 gy =1+ =1+2="2,
T2 3 1+1 2 ™ [ 373
1+ ! 1+ !
Ty = , Tg =
5 ! 6 . 1
E !
1+ .
1+1+1

(a) Prove that
T <3< < Toptl < Topgo < XTop < - -+ < x2, Vn>1.
(b) Prove that for n > 3 we have

[Ty — 2p1] 2

|$n+1 - xn’ < |55n - $n71|-

T3 N g
(c) Conclude that the sequence (x,) is convergent and find its limit. (Hint: Use Exercise
4.24.) 0

Exercise 4.26. If a1 < as

1
an+2 = §(Qn+1 +an)> Vn €N

show that the sequence (ay)nen is convergent.

Hint. Use Exercise 4.24. O

Exercise 4.27. Consider a sequence of positive numbers (z,,),>1 satisfying the recurrence
relation

Vn € N.

1
xT = ——
T o,
Show that (x,)nen is a contractive sequence (Exercise 4.24) and then compute its limit. O

Exercise 4.28. Find all the limit points (see Definition 4.30) of the sequence

an = (—1)

an—1
n
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Exercise 4.29. Let (an)nen be a bounded sequence of real numbers, i.e.,
AC eR: Ja,| < C, Vn.
For any k£ € N we set
by :=sup{a,; n>k}.
(a) Show that the sequence (bg)ren is nonincreasing and conclude that it is convergent.
Denote by b its limit.

(b) Show that b is a limit point of the sequence (a,)nen, i.e., there exists a subsequence
(ank)k21 Of(an)nzl such that

lim a,, =b.
k—o0

(c) Show that if a is a limit point of the sequence (a,,), then o < b.

The number b is called the superior limit of the sequence (a,) and it is denoted by
limsup,, a,. The above exercise shows that the superior limit is the largest limit point of a
bounded sequence. a

Exercise 4.30. Prove Proposition 4.36. O

Exercise 4.31. Prove that if > ~qa, and ) 5, b, are convergent series of real numbers
and o, f € R, then the series ), - (aay, + Bby,) is convergent and

Z(aan+ﬁbn):a2an+6§:bn. O
n>0 n>0 n>0

Exercise 4.32. Can you give an example of convergent series EnZO an and a divergent series
Y n>0bn such that »° - o(an + by) is convergent? Explain. 0

Exercise 4.33. Prove Corollary 4.43. o

Exercise 4.34. Consider the sequence
n3 4+ 2n +2n + 4

_ > 0.
Iy e LR

Zan

n>0

Prove that the series

is absolutely convergent.
Hint. Example 4.40(b) and Corollary 4.43. O

Exercise 4.35 (Leibniz). Suppose that (a,) is a decreasing sequence of positive real numbers
such that

lim a, = 0.
n—oo

Z(—l)”an

n>0

Prove that the series

is convergent.

Hint. Imitate the strategy in Example 4.51. O
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Exercise 4.36 (Cauchy). Suppose that (ay)n>0 is a decreasing sequence of positive numbers
that converges to 0. Prove that the series
>

n>0

converges if and only if the series

(0.]
ZQkCLQk = a1 + 2a9 + 4a4 + S8ag + 16a16 + - - -
k=0

converges.

Hint. Imitate the strategy employed in Example 4.40. O

Exercise 4.37. We consider the power series series
n __ 2
Eamr—am+mx+aﬂ + -
n>0

Suppose that there exists C' > 0 such that |a,| < C, ¥n. Show that the radius of convergence

of the series
E anx"
n>0

is > 1. O

Exercise 4.38. Suppose that (a,)nen is a sequence of integers such that 0 < a,, <9 for any
n €N ie.,

ap € {0,1,2,...,9}, YneN.
Show that the series

_ ai az
Zan10”:7+—2+-.-
=1 10 10

is convergent.

(b) Compute the sum of the above series in the two special special cases

anp =17, Vn €N,

{1, n is odd
ap =

2, n, is even.

and

In each case, express the sum in decimal form.

(c) Prove that for any x € [0, 1] there exists a sequence of real numbers (a,)nen such that

an €{0,1,2,...,9}, VneN,

T = Zanlo_”. O

n>1

and

Exercise 4.39. Prove Corollary 4.54. a
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4.10. Exercises for extra-credit

Exercise* 4.1. Fix rational numbers a,b such that 1 < a < b.
(a) Prove that
9 b
lim & = 00
n—00 (Qn + l)a
(b) Prove that the series
1 1 1 1
ORI T
is convergent. O

Exercise* 4.2. Consider two series of real numbers > -, a, and ), - b,. For each non-
negative integer n define

n
Cn 1= apbn + a1bp—1+ -+ + anbo = Zakbn—k
k=0

Prove that the if the series ) - a, and ), -, b, are absolutely convergent, then the series
D en
n>0

is absolutely convergent and its sum is the product of the sums of the series ano an, and
ano by, i.e.,

n n n
lim g ¢, = | lim E aj | - lim g br |-
n—o0 n—oo n—o0

k=0 j=0 k=0

The series ) |, cn constructed above is called the Cauchy product of the series ) - a, and
Hint: Consider first the special case a,, b, > 0, Vn. Set

n

A, = Xn:aj, B, = zn:bk, Cp = Zcz.
=0 k=0

=0
Prove that
lim (C,, — A,B,) =0. O

n—o0

Exercise* 4.3. Let (a,) be a convergent sequence of real numbers. Form the new sequence
(cn) defined by the rule

ay+---+ap
Cp 1=
n
Show that (c;) is convergent and
lim ¢, = lim a,. O
n—oo n—oo
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Exercise* 4.4. Let the two given sequences

apg,a1,a2, ...,
bo, b1, ba, . ..
satisfy the conditions
b, >0, Vn >0, (4.29a)
bo+b1+by+ -+ by + - =00, (4.29b)
. an
nh_)ngo b S. (4.29c¢)

Prove that

. ag+tap+---+ay
lim

= s. O
n—oo bg+ by + -+ by 8

Exercise* 4.5. Suppose that (p,)n>1 is a sequence of positive real numbers, and (z,)p>1 is
a sequence of real numbers. For n € N we set

bp:=p1+ - +pn, Spi=x1++ Ty,
Suppose that

lim b, = oo.

n—oo
Prove that if the series
Tn
n>1 bn
is convergent, then
s
lim = =0. 0
n—oo

n

Exercise* 4.6 (Fekete). Suppose that the sequence of real numbers (a,)nen satisfies the
subadditivity condition

Omin < Gm + @pn, Ym,n € N.

Prove that

Exercise* 4.7. Let (z,,)n>0 be a sequence of nonzero real numbers such that
xi — Tpi1ZTp—1 =1, Yn € N.
Prove that there exists a € R such that
Tptl = ATy — Tp—1, VN € N. O
Exercise* 4.8. Suppose that a sequence of real numbers (a,,),en satisfies
0 < an < agn + aoznt1, Yn € N

Prove that the series ), - a, is divergent. 0
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Exercise* 4.9. Suppose that (z,)nen is a sequence of positive real numbers such that the

series
> on

neN
is convergent and its sum is S. Prove that for any bijection ¢ : N — N the series

Z Lo(n)
neN
is also convergent and its sum is also S. g

Exercise* 4.10. Suppose that the series of real numbers
>
neN

is convergent, but not absolutely convergent. Prove that for any real number S there exists a
bijection ¢ : N — N such that the series
Z Lop(n)

neN
is convergent and its sum is S. O

Exercise* 4.11. Suppose that (a,),>1 is a decreasing sequence of positive real numbers
that converges to 0 and satisfies the inequalities

an < Gpt1 + ap2, Vn > 1.

D an

n>1
is divergent. a

Prove that the series

Exercise* 4.12. Suppose that f: R — R is a a function satisfying the following conditions

fle+y)=flx)+ f(y), Yo,y eR. (4.30a)
flzy) = f(@)f(y), Va,y €R. (4.30D)
f(1) #0. (4.30c)
Prove that the following hold.
(i) £(0) =0, f(1) = 1.
(ii) f(n)=n,¥neN.
(iii) f(m)=m, Ym € Z.
(iv) f(g) =q, Vg€ Q.
(v) If z,y € R and = < y, then f(x) < f(y).
i)



Chapter 5

Limits of functions

5.1. Definition and basic properties

Let X be a nonempty subset of R. A real number c¢ is called a cluster point of X if there
exists a sequence () of real numbers with the following properties.

(i) xn, € X, Vn € N.
(ii) x, # ¢, Yn € N.

(iii) limy, z, = c.

Example 5.1. (a) If A = (0,1), then 0 and 1 are cluster points of A, although they are
not in A. Indeed, the sequence a,, = %—‘rl’ n € N consists of elements of (0,1) and a,, — 0.
Similarly, the sequence b, = 1 — n%rl consists of points in (0,1) and b, — 1. Observe that
every point in (0,1) is also a cluster point of (0,1).

(b) Any real number is a cluster point of the set Q of rational numbers. O

Definition 5.2. Let X C R. Suppose that c is a cluster point of X and f: X — R is a real
valued function defined on X. We say that the limit of f at ¢ is the real number A, and we
write this

lim f(z) = A,
if the following holds:
Ve>0 30=6(e)>0: VzeX: 0<|z—c|<d=|f(zx)— Al <e. (5.1)

O

An alternate viewpoint. Recall that a neighborhood of a point a is an open interval that contains a inside. For
example, the open interval (0,3) is a neighborhood of 1. We denote by N, the collection of all neighborhoods of a.
Thus, a statement of the form U € N, signifies that U is an open interval that contains a. A symmetric neighborhood
of a is a neighborhood of the form (a — d,a + ), where ¢ is some positive number. Observe that

z € (a—9,a+ d)<dist(a,z) < d<=|z —a| < 0.
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Thus, to describe a symmetric neighborhood of a, it suffices to indicate a positive real number §, and then the symmetric
neighborhood is described by the condition dist(z,a) < §. We denote by 8N, the collection of symmetric neighborhoods
of a. Clearly, any symmetric neighborhood of a is also a neighborhood of a so that

8Ng C Ng.
A deleted neighborhood of a is a set obtained from a neighborhood of a by removing the point a. For example
0,2\ {1} =(0,1) U (1,2)

is a deleted neighborhood of 1. We denote by N7 the collection of all deleted neighborhoods of a. A symmetric deleted
neighborhood of a is a deleted neighborhood of the form

(a—rya+r)\{a} =(a—r,a)U(a,a+r).
We denote by SN7 the collection of deleted symmetric neighborhoods of a. Clearly
SN: C 85
Observe that the definition (5.1) is equivalent with the following statement
YU €8Ny, IVESN, Ve e X: zeV = f(z) eU. (5.2)

Indeed, we can rephrase (5.1) in the following equivalent way: for any symmetric neighborhood U of A of the form
(A — €, A+ ¢), there exists a deleted symmetric neighborhood V' of ¢ of the form (¢ — d,c¢+ §) \ {¢} such that for any
z € V we have f(x) € U. That is precisely the content of (5.2).

The proof of the next result is left to you as an exercise.

Proposition 5.3. Let f: X — R be a function defined on a set X C R and ¢ a cluster point of X. Then the following
statements are equivalent.
(1) limg—e f(x) = A, d.e., f satisfies (5.1) or (5.2).
(i)
YU € Ny, IV € N7 such that Ve € X :x2 € V = f(z) € U. (5.3)

The following very useful result reduces the study of limits of functions to the study of a
concept we are already familiar with, namely the concept of limits of sequences.

Theorem 5.4. Let ¢ be a cluster point of the set X C R and f : X — R a real valued
function on X. The following statements are equivalent.

(i) imge f(z) = A€ R.
(ii) For any sequence (zp)nen in X \ {c} such that x,, — ¢, we have lim,, f(x,) = A.
Proof. (i) = (ii). We know that lim, . f(z) = A and we have to show that if (z,) is a

sequence in X \ {c} that converges to ¢, then the sequence ( f(z,)) converges to A. In other
words, given the above sequence (x,) we have to show that

Ve>0 IN=N() YvneN: n> N(e) = |f(z,) — Al <e.
Let € > 0. We deduce from (5.1) that there exists d(¢) > 0 such that
VeeX: 0<|z—c/<d=|f(z)— Al <e. (5.4)
Since x,, — ¢, there exists N = N(d(g)) such that
0<|zy,—c| <6, Vn>N.

Using (5.4) we deduce that for any n > N(d(¢)) we have |f(x,) — A| < e. This proves the
implication (i) = (ii).
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(ii) = (i) We know that for any sequence (z,) in X \ {c¢} that converges to ¢, the sequence
( f(xy)) converges to A and we have to prove (5.1), i.e.,

Ve>0 30=0()>0: Ve X: O0<|z—c|<d=|f(zx)— Al <e. (5.5)
We argue by contradiction and we assume that (5.5) is false, so that its opposite is true, i.e.,
Jeg>0: V6>0, 3x=2() € X, 0<|z(d) —¢|<d and |[f(x(d)) —A| > 9.  (5.6)
From (5.6) we deduce that for any & of the form § = 1, n € N, there exists z, = 2(1/n) € X
such that .
0<|zp,—¢| < - A |f(zy) — Al > eo.

We have thus produced a sequence (z,,) in X such that
1
0 < dist(zp,c) < — A dist(f(zn), A) > &o.
n

Thus, (z,,) is a sequence in X \ {c} that converges to ¢, but the sequence ( f(x,)) does not
converge to A. O

Using Proposition 4.15 we obtain the following immediate consequence.

Corollary 5.5. Let f,g: X — R be two functions defined on the same subset X C R and c
a cluster point of X. Suppose additionally that

i;rrif(x) =A and :161_)129(:):) = B.
Then the following hold.

(i)
lim( f(z)+g(z)) = A+ B, ilg}:)\f(m) =AA, VA eR.

(i)

lim f(x)g(x) = AB.
(iii) If B# 0 and g(z) # 0, Vo € X, then
flz) _ A

lim 22— = =
e g(z) B

Example 5.6. (a) Let f : R - R, f(x) = z. Then for any ¢ € R we have
lim f(z) = limz =c.
T—cC T—cC

(b) Let m € N and define f : R — R, f(x) = 2™. Corollary 5.5 implies that

lim f(x) = lim 2™ = ™.
Tr—cC Tr—cC

Thus,

limz? =3%2=09.
r—3

(c) Let m € N and define f : (0,00) = R, f(z) = 2™™ = .. Corollary 5.5 implies that for

any ¢ > 0 we have
. _ . 1
lma™™ =lim — =c¢
T—C r—c M

—m



Liviu I. Nicolaescu

z%. We want to show that for any ¢ > 0

96
(d) Let m, k € N and define f : (0,00) — R, f(z) =
we have
lim % = ¢ . (5.7)
r—cC
We rely on Theorem 5.4. Suppose that (x,) is a sequence of positive numbers such that
Ty — c and z, # ¢, Yn. We have to show that
lim ZL‘»,L% =c*F.
n
Using Exercise 4.15, we deduce that
1 1
limzkt = c*
n
Thus,
. uC . Lim 1\m m
hénaw{“ = 117rln(mﬁ ) = (ck ) — ok,
Thus,
limz" =", VreQ, r>0.
Tr—C
The above equality obviously holds if r = 0. If » < 0, then ™" = - and we deduce
limz" =c", Ve>0, reQ. (5.8)
O

r—cC

Proposition 5.7. Let f,g : X — R be two functions defined on the same subset X C R.

Suppose that ¢ is a cluster point of X and
gl;_}mcf(x) = A, 3161_>Ir1cg(;1:) =B and A< B.

Then there exists a neighborhood U of ¢ such that f(x) < g(x), Ve e UN X, = # c.
Proof. Fix a positive number € such that 3¢ < B — A. In other words, ¢ is smaller than one

third of the distance from A to B. In particular, A + ¢ < B — ¢ because
B—e—(A4+e)=B—A—2>3—2>0.

Since lim,_,. f(x) = A, there exists § = d¢(e) > 0 such that
VeeX: 0<|z—c|<df=>A—-c< flx)<A+e.

Since lim,_,. g(z) = B, there exists § = d4(¢) > 0 such that
VeeX: 0<|r—c|<é3=>B—-e< f(zr)<B+e.

Let 0p < min{dy,d,} and define
U .= (C —dp,Cc+ (50)

IfxeUNX, x # ¢, then
0<|z—c|l <d <min{ds, oy} = f(x) <A+e<B—e<g(x).
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5.2. Exponentials and logarithms

In this section we want to give a meaning to the exponential a® where a is a positive real
number and z is an arbitrary real number. The case ¢ = 1 is trivial: we define 1¥ = 1,
vV € R.

We consider next the case a > 1. In Exercise 3.14 we defined o” for any » € Q and we

showed that

T1
_ a ro
ar1+r2 = arl . ar27 a/rl T2 — 7’,‘27 (arl) = aT‘lT‘Q, VT1,7“2 c Q (59)
a

We will use these facts to define a® for any z € R. This will require several auxiliary results.

Lemma 5.8. If a > 1, then for any rational numbers r1,r2 we have

r <ro=al <a®?

Proof. We will use the fact that if ,y > 0 and n € N, then
z < y<—=z" <y".
1
Since a > 1 we deduce that a» > 1 because
1
(an)"=a>1=1"
Thus,
anw > 1, Vm,n €N
that is,
a">1, VreQ, r>0.
Suppose that r1 < r2. Then the above inequality implies that
a (5.9)
-,
a”t

TO—T1 >1

because r = rg — r1 is a positive rational number. O

Lemma 5.9. Leta > 1 and rg € Q. Then

lim a" =a".
Q>r—ro

Proof. We first consider the case ro = 0, i.e., we first prove that

Qlim Oa"" =1 (5.10)
Sr—

We have to prove that, given € > 0, we can find § = d(¢) > 0 such that
0<|r|<d and r€eQ=]a" — 1| <e.

Observe first that Exercise 4.12 implies that

1

_1
lim an» = lim a  » = 1.
n—oo n—oo

In particular, this implies that there exists no = ng(e) > 0 such that, for all n > ng, we have

1 1
l—-e<a n<an <1l+e.
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We set d(e) = ﬁ. If0<|r| < é(e) and r € Q, then —ﬁ <r < ﬁ and we deduce from Lemma 5.8 that

1 J
l—e<a ™6 <a"<amG) <l4+e=l-e<ad <l+e=la"—1|<e.
This proves (5.10). To deal with the general case, let rog € Q. If 5, is a sequence of rational numbers r,, — 7o, then
a™ =a"0a"™ 770,

Since 1, — rg — 0, we deduce from (5.10) that a™ "0 — 1 and thus, a™ = a"0a"™ "0 — a"0. The conclusion now
follows from Theorem 5.4. O

Proposition 5.10. Let a > 1 and x € R. We set
@<x::{r€(@, r<x}, Q>x::{r€(@, T>x}

sy = sup a’, iy, = inf a".
T€Q<z T€Q>z

Then s; = iy. Moreover, if x is rational, then s, = i, = a”.

Proof. Observe first that the set {a"; r € Q< } is bounded above. Indeed, if we choose a rational number R > z, then
Lemma 5.8 implies that a” < a* for any rational number r < x. A similar argument shows that the set {a”; = € Q>4}
is bounded below and we have
Sp < ig.

Observe that for any rational numbers 71,72 such that 71 < x < r2, we have

a™ < sp <idp < a2,
Hence,

. a”? a”?

1< 2< <

Sz Sy ~ a’l

=a™7".

Now choose two sequences (r/,) C Q< and (r/) C Qs such that 7/, — x and 7!/ — 2.1 Then
1<% <qmi—mn,

1z

If we let n — oo and observe that r], — r;, — 0, we deduce from Lemma 5.9 that

Sz . N .
1< =< lim a™ "™ =1= 54 = ig.
1z n—oo
If x € Q, then the sequences 7], and 7]/above converge to z. Invoking Lemma 5.9 we deduce

’ "
sy =lima™ = a® =lima™m = iy.
n n

Definition 5.11. For any ¢ > 1 and « € R we set

a,m::sup{a,”; reqQ, r<x}:inf{ar; r e Q, T’>.’L‘}.

If b€ (0,1), then % > 1 and we set

IThe existence of such sequences was left to you as Exercise 4.13.
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Lemma 5.12. Leta > 1. If x <y, then a® < a¥.
Proof. We can find rational numbers 1,72 such that
r<r<re<y.
Then r1 € Q>4 and r2 € Q<y so that
a® <a" <a™ <av.
O

Lemma 5.13. Let a > 1 and = € R. If the sequence (rn) C Q< converges to x, then

lim a™ — a”.
n—r o0

Proof. We have
a® = sup a'.
r€Q<«y

Thus, for any £ > 0, there exists r« € Q< such that

a® —e<a" <d”.

Since rp, — = and r, € Q<z, we deduce that there exists N = N(g) such that, Vn > N(e) we have r. < rp, < z. We

deduce that for all n > N(e), we have
a® —e<a <a'™ <d”.

Lemma 5.14. Let a > 0 and z,y > 0. Then

Proof. Choose sequences (r/,) C Q<, and (r)]) C Q«y such that ), — = and r]] — y. Lemma 5.13 implies that

’ "
a™ —a® A a'm — aY.

Hence,

" 1"

. vl s T/_ Th _ B r! . : 7] —_ T,
117131an n—hyrln(an an)—(117£nan) (hénan)—a

Now observe that v}, + 7] € Q<z4y and 7, + 7/ — z +y. Lemma 5.13 implies

’ 17
lima"™nt™n = g% 1Y,
n

The proofs of our next two results are left to you as an exercise.

Lemma 5.15. Let a > 0 and € R. Then for any sequence of real numbers (zn) such that x, — = we have

lim a®*" = a”.
n— oo

Lemma 5.16. Suppose that a,b > 0. Then for any x € R we have
a® - b® = (ab)”®.

(5.11)

Definition 5.17. Let X C R and f : X — R be a real valued function defined on X.

(i) The function f is called increasing if

Vor, o € X (21 <w2) = (f(21) < f(22)).
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(ii) The function f is called decreasing if
Vo, o € X (21 <32) = (f(z1) > flx2)).
(iii) The function f is called nondecreasing if

Vxl,iL‘Q e X (1'1 < {L‘Q) = (f(iL‘l) < f(:lig))

(iv) The function f is called nonincreasing if
ViL‘l,l‘Q e X ($1 < .CIJQ) = (f(l‘l) > f(l'Q))

(v) The function is called strictly monotone if it is either increasing or decreasing. It
is called monotone if it is either nondecreasing or nonincreasing.

O

Theorem 5.18. Leta > 0, a # 1. Consider the function f, : R — (0,00) given by f(x) = a”.
Then the following hold.
(i) a®¥ =a® - a¥, Va,y € R.
(a®)¥ =a™, Vz,y € R.
The function f, is increasing if a > 1, and decreasing if a < 1.
The function f is bijective.

For any sequence of real numbers (x,) such that x, — = we have

lim o = a”.
n—oo

Proof. Part (v) above is Lemma 5.15. We thus have to prove (i)-(iv). We consider first the case a > 1. The equality
(i) is Lemma 5.14. The statement (iii) follows from Lemma 5.12.

We first prove (ii) in the special case y € Q. Choose a sequence ry, € Q such that r, — z, rn # z. Then (5.9)
implies
(a™)¥ = q"mY.
Clearly rn,y — xy and Lemma 5.15 implies that

lima™¥ = a™Y.
n

On the other hand, y is rational and a"» — a® and using (5.8) we deduce that
; ™ \Y — z\Y
1171111(0, ) = (a ) .
Thus,
(a®)¥ =lim(a™ )Y = lima™¥ =a™, Vz €R, y€Q. (5.12)
n n

Now fix z,y € R and choose a sequence of rational numbers yn, — y, yn # y. Then

5.12
(a” )y“’ (5:12) a®™n, Vn.
Using Lemma 5.15, we deduce

(a® )y = liyl;n(az )y" = liTILnazy" =a%¥, Vx,y €R.

This proves (ii).
To prove (iv) observe that f, is injective because it is increasing. (We recall that we are working under the

assumption a > 1.) To prove surjectivity, fix y € (0,00). We have to show that there exists z € R such that a* = y.
Define

S:={seR; a* <y}
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Observe first that S # (). Indeed
1

lima™ =lim— =0
n n qm
so that there exists ng € N such that a="0 < y, i.e., —ng € S. Observe that S is also bounded above. Indeed
lima™ = oco.
n
Hence there exists n1 € N such that ™ > y. If z > nj, then a® > a™ > y so that SN [ni,00) = 0 and thus
S C (—o0,n1) and therefore nq is an upper bound for S. Set
T :=supS.

Note that if 2’ > x, then a®’ > y. Indeed, if a® < y then for any s < 2/ we have a® < av < y and thus (—oo,z’] C S.
This contradicts the fact that = is an upper bound for S.

Consider now two sequences s,, — z and s], — x where s/, < z and s// > z then
asn <y< asg, Vn.
Letting n — oo in the above inequalities we obtain, from Lemma 5.15, that
a® <y<ad®<=ad® =y.

The case a < 1 follows from the case a > 1 by observing that

()

Definition 5.19. Let a € (0,00), a # 1. The bijective function
R3> 2z a® € (0,00)

is called the exponential function with base a. Its inverse is called the logarithm to base a and
it is a function

log, : (0,00) — R.
When a = e = the Euler number, we will refer to log, as the natural logarithm and we will
use the simpler notation log or In. Also, we will use the notation lg for log;. O

We have depicted below the graphs of the functions a* and log, x for a = 2 and a = %

The meaning of the logarithm function answers the following question: given a,y > 0,
a # 1, to what power do we need to raise a in order to obtain y? The answer: we need to
raise a to the power log, y in order to get y. Equivalently, log, is uniquely determined by the
following two fundamental identities

log,a” =z and a'%%¥ =y, VzeR, y>0.
For example, log, 8 = 3 because 2% = 8. Similarly g 10,000 = 4 since 10* = 10, 000.

Theorem 5.20. Let a > 0, a # 1. Then the following hold.
(i)
loga (y1y2) = loga U1 + loga Y2, loga % = loga Y1 — 1Oga Y2, vylu Y2 > 0.
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Figure 5.1. The graph of 2*.

Figure 5.2. The graph of (%)z

(i) log, y* = alog, y, Yy > 0, o € R.

(iii) Ifb> 0 and b # 1, then

10 _ logay
oY = log, b’

a

Yy > 0.

(iv) If a > 1, then the function y — log,y is increasing, while if a € (0,1), then the
function y — log, y is decreasing.

(v) Ify > 0, then for any sequence of positive numbers (y,) that converges to y we have

Jim log, yn = log, Y.
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Figure 5.3. The graph of log, x.

Figure 5.4. The graph of log; ;, x.

Proof. (i) Let y1,y2 > 0. Set 1 = log, y1, r2 = log, y2, i.e., a®! = y1 and y2 = a”2. We have to show that
1
log, (y1y2) = =1 4+ x2, log, z— =1z — T2
2

‘We have
y1y2 = a®1a®? = a®1 72 = log, (y1y2) = log, a® %2 = 1 + 29,
a®l
e = a®17*%2 = log, L log, a®17%2 = z1 — xza.
Y2 a Y2
(ii) Let € R such that a® =y, i.e., log, y = . We have to prove that

log, y© = ax.

We have
y® = (a®)* = a*® = log, y* = log, a®® = ax.

iii) Let 8, z,t € R such that a® = b, y = a® = b%. Then
(iif)

y =b" = (a®) = a'® = a®.
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Hence,

log, y

log, y =z = t8 = (logy y)(log, b) = log, vy = ) .
og, b

a
(iv) Assume first that a > 1. Consider the numbers y2 > y1 > 0, and set
1 :=log, y1, x2 =log, yo.
We have to show that x2 > x1. We argue by contradiction. If z1 > x2, then
y1=a"l > a2 =ys = y1 > ya.

This contradiction proves the statement (iv) in the case a > 1. The case a € (0, 1) is dealt with in a similar fashion.

(v) Assume first that @ > 1 so that the function y — log, v is increasing. Since y, — y, we deduce that

Yn
Y

— 1.

Hence, for any € > 0 there exists N = N(e) > 0 such that

Vn > N(e) : In e (a™%,a%).
Yo

Hence, Vn > N(¢)

—e=log,a < log, (y—n) < log, a® = e<=|log, yn — log, yo| < e.
Yo

=log, yn —log, yo

Theorem 5.21. Fiz a real number s and consider f : (0,00) — (0,00) given by f(z) = z°.
Then for any ¢ > 0 and any sequence of positive numbers (x,) such that x, — ¢, we have

lim z; = c’.
n—oo

Proof. Set
yn = log x), = slog xy,.
Theorem 5.20(v) implies that
limy,, = slimlogx, = slogc.
n n
Using Theorem 5.18(v), we deduce that

lim e¥» = eslogc _ (elogc)s = 5.
n

Now observe that

yn _ Jogxd __ s
e = e %M =g,

This proves Theorem 5.21. a
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5.3. Limits involving infinities
Suppose that we are given a subset X C R and a function f: X — R.

Definition 5.22. Let ¢ be a cluster point of X.
(a) We say that the limit of f as x — ¢ is 0o, and we write this

lim f(x) = o0

Tr—cC
if for any M > 0, 30 = 6(M) > 0 such that
VeeX (0<|z—c|<d= f(z)>M).
(b) We say that the limit of f as z — ¢ is —oo, and we write this
lim f(z) = —o0

if for any M > 0, 36 = 6(M) > 0 such that
VeeX (0<|z—c/<d= flz)<—-M). 0

We have the following version of Proposition 5.3. The proof is left to you.

Proposition 5.23. Let f : X — R be a function defined on a set X C R and ¢ a cluster point of X. Then the following
statements are equivalent.

(1) limg—c f(z) = oo, t.e., f satisfies (5.1) or (5.2).
(ii)
VM >0, 3V €N} such that Vx € X :z € V = f(z) € (M, o0). (5.13)

Arguing as in the proof of Theorem 5.4 we obtain the following result. The details are
left to you.

Theorem 5.24. Let ¢ be a cluster point of the set X C R and f : X — R a real valued
function on X. The following statements are equivalent.

(i) img—ye f(z) = 00 € R.

(ii) For any sequence (zy)nen in X \ {c} such that x, — ¢, we have lim,, f(z,) = co.

O

Observe that if X C R is not bounded above, then for any M > 0 the intersection
X N (M, 00) is nonempty, i.e., for any number M > 0 there exists at least one number z € X
such that z > M. Equivalently, this means that there exists a sequence (z,,)nen of numbers
in X such that

lim z, = cc.
n—oo
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Definition 5.25. Suppose X C R is a subset not bounded above and f : X — R is a real
function defined on X.

(a) We say that the limit of f as x — oo is the real number A, and we write this lim,_,~ f(z) = A,
if
Ve>0 dM =M(e) >0 Ve e X (z>M=|f(x)— A| <e).
(b) We say that the limit of f as z — oo is co,and we write this lim,_,~ f(x) = oo, if
VO >0 3IM=M(C)>0VzeX (x>M= f(x)>C).

(c) We say that the limit of f as z — oo is —oco, and we write this lim,_,o f(z) = —o0, if
VO >0 3IM=M(C)>0VreX (x>M= f(z)<-C). O

Observe that if X C R is not bounded below, then for any M > 0 the intersection
X N (—o0,—M) is nonempty, i.e., for any number M > 0 there exists at least one number
x € X such that © < —M. Equivalently, this means that there exists a sequence (x,)nen of
numbers in X such that

lim z, = —oc.
n—oo

Definition 5.26. Suppose X C R is a subset not bounded below and f : X — R is a real
function defined on X.

(a) We say that the limit of f as # — —oo is the real number A, and we write this
lim, o f(x) = A, if
Ve>0 dM =M(e) >0 Ve e X (z<—-M=|f(x)— Al <e).
(b) We say that the limit of f as z — —o0 is 0o, and we write this lim,_,_~ f(z) = oo, if
VO >0 3IM =M(C)>0VreX (x<—-M= f(z)>C).
(c) We say that the limit of f as z — —o0 is —00, and we write this lim,_,_ f(z) = —o0, if
VO >0 3IM =M(C)>0 Ve e X (< —-M = f(z) < -C). O
The limits involving infinities have an alternate description involving sequences. Thus,
if X C R is not bounded above and f : X — R is a real function defined on X, then the

equality
lim f(z)=A

T—r00
can be given a characterization as in Theorem 5.4. More precisely, it means that for any

sequence of real numbers z,, € X such that z,, — oo, the sequence f(z,) converges to A.

Example 5.27. (a) We want to prove that

1 xX
lim (1 + > =e. (5.14)
T—00 x
We will use the fundamental result in Example 4.23 which states that the sequence

1 n
mn::<1+) , n€N,
n

converges to the Euler number e. In particular, we deduce that

1 n 1 n+1
lim (1 + ) = lim <1 + ) =e. (5.15)

n—00 n+1 n
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Recall that for any real number x we denote by |z | the integer part of the real number
x, i.e., the largest integer which is < x. Thus |z is an integer and

lz] <z < |z]+1.

For x > 1 we have

and we deduce

In particular, we deduce that

<1+m1+1> " < <1+i> . < <1+i>x < (HpclJ)gC < <1+Lij>m+l. (5.16)

From (5.15) we deduce that for any € > 0 there exists N = N(g) > 0 such that
1 \" 1\"*!
<1+n+1> , <1+n> €(e—ge+e), Vn> N(e).
If £ > N(e) + 1, then || > N(e) and we deduce from the above that
Ed 10\ L=+t
ij+1) <e+e and e—s<<1+m> <e+te.
The inequalities (5.16) now imply that for x > N(e) + 1 we have

1 lz] 1\ 1 |z]+1
e—5<<1+> §<1+> §<1—|—> <e+e.
|z +1 x |z ]

This proves (5.14).
(b) We want to prove that

e—e< (1—1—

1 T
lim <1 + > =e. (5.17)
T——00 x

We will prove that for any sequence of nonzero real numbers (z,) such that z, — —oo, we

have
1 Tn
lim (1 + > =e.
n Ty

Consider the new sequence ¥, := —z,. Clearly y,, — co. We have

1 Tn 1 —Yn -1 —Yn Yn
o) =0o0) -0 -G
Tn Yn Yn Yn — 1

Now set z, := y, — 1 so that y,, = z,, + 1 and

Yn 1 zn+1 1 zn+1 1\ % 1
Yn _ (% + (14 = —(1+ wl1e ).
Yn — 1 Zn Zn Zn Zn

Clearly z, — oo so that
1
lim (1 + > =1
n Zn

1\*
lim (1 + ) =e.
n—o00 Zn

Invoking (5.14) we deduce
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Hence,

This proves (5.17). O

5.4. One-sided limits

Suppose X C R is a set of real numbers. For any ¢ € R we define
Xeoi= {a:GX; x<c} =XN(-00,c), Xsc:= {xEX; x>c}:Xﬂ(c,oo).

Definition 5.28. Let f: X C R and ¢ € R. We say that L is the left limit of f at ¢, and we
write this

L =lim f(z) = lim f(x),

x T—c—

if

e c is a cluster point of X, and

e for any € > 0 there exists § = d(¢) > 0 such that

VeeX: z€(c—0d,¢)=|f(z)—L|<e.
We say that R is the right limit of f at ¢, and we write this
R =lim f(2) = lim f()

if

e c is a cluster point of X~. and

e for any £ > 0 there exists 6 = d(¢) > 0 such that
VeeX: z€(c,c+9)=|f(x) - R| <e.

The next result follows immediately from Theorem 5.4. The details are left to you.

Theorem 5.29. Let f : X — R be a real valued function defined on the set X C R. Fix
ceR.

(a) Suppose that c is a cluster point of X<. and L € R. Then the following statements are
equivalent.

(i)

li = L.
lim f(x)
(ii) For any sequence of real numbers (x,) in X such that x, — ¢ and x, < ¢ Vn we

have
lim f(x,) = L.

(iii) For any nondecreasing sequence of real numbers (x,) in X such that x,, — ¢ and
T, < c VYn we have

lim f(z,) = L.
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(b) Suppose that ¢ is a cluster point of X~. and L € R. Then the following statements are
equivalent.

(i)

li =1L
lim f (2)
(ii) For any sequence of real numbers (x,) in X such that x, — ¢ and x, > ¢ Vn we

have
lim f(x,) = L.

(iii) For any nonincreasing sequence of real numbers (x,) in X such that z, — ¢ and
T, > ¢ Yn we have

li}ln f(x,) = L.

The next result describes one of the reasons why the one-sided limits are useful. Its proof
is left to you as an exercise.

Theorem 5.30. Consider three real numbers a < ¢ < b and a real valued function f : (a,b)\{c} — R.
Then the following statements are equivalent.

(i)
lim f(z) = A € [—00, x].

Tr—C

lim f(2) = lim f(z) = A € [~00,00].

5.5. Some fundamental limits

In this section we present a collection of examples that play a fundamental role in the devel-
opment of real analysis.

Example 5.31. We want to prove that

1
x

lim (1+x)

z—0

—e. (5.18)

We invoke Theorem 5.30, so we will prove that
1 1
lim(1+x)5 = lim(1+a:)5 =e.
x\,0 xz /0

We prove first the equality

1
x

lim(1+x) =e.

\0
We have to prove that if (z,) is a sequence of positive numbers such that z,, — 0, then

1
liTILn(l—i-xn)zn =e.
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Set
Yn ‘= —
Tn
Then y,, — oo and
1 1\
Yn
and, according to (5.15), we have
1\"
(1 + > =e.
Yn
The equality
1
lim(l+az)" =e.
z 0
is proved in a similar fashion invoking (5.17) instead of (5.15). O
Example 5.32. We have (log = log,)
log( 1+
li 28U+ 7) (5.19)
z—0 X

Indeed, consider a sequence of nonzero numbers (x,) such that x,, — 0. Set

1
Yn = (1 + xp)7n.

From (5.19) we deduce that y,, — e. Using Theorem 5.20(v), we deduce that log y,, — loge = 1.
O

Example 5.33. We have

et -1
lim =
z—0 xT

1. (5.20)

Let z, — 0. Set y,, := e so that x,, = logy, and y, — €* = 1. Next, set h,, := y, — 1 so
that h,, — 0. Then

e‘””—lzyn—lz hn, _ 1 (ﬂ)l. -
Ty logy, log(1+ hy) 105(]11+hn)

n

Example 5.34. Suppose that o € R, o # 0. We have

1+2)% 1
li LED =L (5.21)
x—0 T

Let z,, — 0. Then
(1 + xn)a _ ealog(l—kxn)‘
Set y,, := alog(1 + x,) so that y, — 0. Then
(I+a,)*—1 e -1 y, e —1 alog(l+zn)

Tn Z/n T, yn Tn

Using (5.20) we deduce
e —1

Yn

— 1,
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and using (5.19) we deduce
alog(l + x,) R
Tn
This shows that
(I+x,)*—1 R

Tn

5.6. Trig functions: a less than rigorous
definition

Recall that the Cartesian product R? := R x R is called the Cartesian plane and can be
visualized as an Euclidean plane equipped with two perpendicular coordinate axes, the z-
axis and the y-axis; see Figure 5.5. We can locate a point P in this plane if we can locate
its projections P, and P, respectively, on the z- and the y-axis respectively; see Figure 5.5.
The locations of these projections are indicated by two numbers, the x-coordinate and the
y-coordinate respectively, of P. The point with coordinates (0,0) is called the origin and it
is denoted by O.

The trigonometric circle is the circle of radius 1 centered at the origin; see Figure 5.5.
More precisely, a point with coordinates (x,y) lies on this circle if and only if
2?4yt =1 (5.22)

Additionally, we agree that this circle is given an orientation, i.e., a prescribed way of trav-
eling around it. In mathematics, the agreed upon orientation is counterclockwise orientation
indicated by the arrow along the circle in Figure 5.5.

The starting point of the trigonometric circle is the point S with coordinates (1,0). It
can alternatively be described as the intersection of the circle with the positive side of the
z-axis. The length? of the upper semi-circle is a positive number know by its famous name,
7. In particular, the total length of the circle is 2.

Suppose that we start at the point S and we travel along the circle, in the counterclockwise
direction a distance 6§ > 0. We denote by P the final point of this journey. The coordinates
of this point depend only on the distance 6 traveled. The z-coordinate of P is denoted by
cos @, and the y-coordinate of P is denoted by sinf. The equality (5.22) implies that

cos’f +sin®0 =1, V> 0. (5.23)

Observe that if we continue our journey from P in the counterclockwise direction for a
distance 27 then we are back at P. This shows that

cos(f + 2m) = cos @, sin(f+ 2w) =sinf, V6 > 0. (5.24)

We can define cos 6 and sin 8 for negative 6’s as well. Suppose that 6 = —¢, ¢ > 0. If we

start at S and travel along the circle in the clockwise direction a distance ¢, then we reach
a point (. By definition, its coordinates are cos(—¢) and sin(—¢); see Figure 5.6.

From the description it is easily seen that

cos(—¢) = cos ¢, sin(—¢) = —sing, V¢ > 0. (5.25)

2We avoid explaining what length means.
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yA

P
ﬁ

Figure 5.5. The trigonometric circle.
counterclockwise direction is 6.

"y

The distance of the journey from S to P in the

yA

cos(=9)

dh
N

i

sin(—¢)

Figure 5.6. The trigonometric circle.

The distance of the journey from S to @ in the
clockwise direction is ¢.

We have thus constructed two functions
cos,sin : R — R,

called trigonometric functions. Their graphs are depicted in Figure 5.7 and 5.8.

Let us record a few important values of these functions.
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\ L

Figure 5.7. The graph of cosx

14

Figure 5.8. The graph of sinx

Table 5.1. Some important values of trig functions

| ofol [ [g[o][m[2r]
cosf|[ 1|21 ]o]-1]1
sing 0] 3 |22 [1]0]0

We list below some of the more elementary, but very important, properties of the trigono-

metric functions sin and cos.

cos’x +sin®z =1, Vo € R. (5.26a)

cos(x + 2m) = cosx, sin(x+ 27) =sinz, Vr € R. (5.26Db)

cos(—x) = coszx, sin(—z)= —sin(z), Vz € R. (5.26¢)

cos(z +m) = —cos(x), sin(x 4+ m) = —sin(z), Vr € R, (5.26d)

sin (:E + g) =cosz, VreR. (5.26¢e)

|cosz| <1, |sinz| <1, VzeR. (5.26f)

cosx >0, Vx € (—g, g) and sinz >0, Vz € (0,7). (5.26g)

cos ¥ = 0<=-x is an odd multiple of §, sinz = 0<=x is a multiple of . (5.26h)

Definition 5.35. Let f : R — R be a real valued function defined on the real axis R.
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(i) The function f is called even if
f(—z) = f(z), Vz eR.
(ii) The function f is called odd if
f(=z) = —f(z), Yz eR.
(iii) Suppose P is a positive real number. We say that f is P-periodic if
fle 4+ P)= f(z), VxeR.

(iv) The function f is called periodic if there exists P > 0 such that f is P-periodic.
Such a number P is called a period of f.

O

We see that the functions cosz and sin z are 27-periodic, cosx is even, and sin z is odd.

In applications, we often rely on other trigonometric functions derived from sin and cos.

We define

sinx

tanx = ——, whenever cosx # 0,
cos
cos i

cotx = ——, whenever sinx # 0.
sin

The graphs of tanz and cot x are depicted in Figure 5.9 and 5.10.

BB
= A A
oolw—
2
SIER

Figure 5.9. The graph of tanx for x € (—n/2,7/2)

Example 5.36. We want to outline a geometric explanation for an important limit.

sin x

lim
x—0 X

=1 (5.27)
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]
BERE
m|;;4

We will prove that

. sinz . sinz
lim = lim =1.
/0 T 2\0 T
Since
sinz  sin(—x)
xr -
it suffices to prove only that
sinx
lim = 0. (5.28)
a0 T

This will follow immediately from the following fundamental inequalities
fcos? < sinf < 0, vo<9<g. (5.29)

Let us temporarily take for granted these inequalities and how how they imply (5.28).
Observe that (5.29) implies that

0<sind <0, vo<e<g.

The Squeezing Principle shows that

lim sin 6 = 0. (5.30)
0N\0
This shows that the limit
. sinf
lim
AN
is a bad limit of the type 8.
We can rewrite (5.29) as
sin 6

1 —sin?6 = cos?6 <

<1 31
- < (5.31)
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The equality (5.30) shows that

lim (1 —sin? @) = 1.
0\0

The equality (5.29) now follows by applying the Squeezing Principle to the inequalities (5.31).

yA

S
S
95
A 4

Figure 5.11. The trigonometric circle. The distance of the journey from S to P in the
counterclockwise direction is 6.

“Proof” of (5.29). Fix 6, 0 < § < 7. We denote by P the point on the trigonometric circle reached from S by

traveling a distance € in the counterclockwise direction; see Figure 5.11. Denote by @ the projection of P onto the
z-axis. We have

|OQ| = cosf, |PQ|=sin6.

Denote by M the intersection of the line OP with the circle centered at O and radius |OP| = cosf. We distinguish
three regions in Figure 5.12: the circular sector (OQM), the triangle AOSP, and the circular sector (OSP). Clearly

(0QM) Cc AOSP C (OSP)
so that we obtain inequalities between their areas®

area (OQM) < area AOSP < area (OSP)

The area of a circular sector is*
1
3 X square of the radius of the sector X the size of the angle of the sector. (5.32)
We have
1 6 cos? 6 1 0
area (OQM) = Z|0QP0 = OF 7 area(OSP) = 5losPo =2,
1 1.
area AOSP = 5|PQ\ x 0S| = 3 sin 6.
Hence,
0 cos? 0 1 . 0
< —sinf < —. [}
2 2 2

3At this point we do not have a rigorous definition of the area of a planar region.
4The equality (5.32) needs a justification
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5.7. Useful trig identities.

We list here a few important trigonometric identities that we will use in the future.

sin(x + y) =sinx cosy £ sinycosz, cos(x £y) = cosxcosy Fsinzsiny). (5.33a)

sin 2z = 2sinxz cosx, cos2x = cos? x — sin’ . (5.33b)

H% = cos?(z/2), F% = sin®(z/2). (5.33¢c)

COST COSY = %(cos(x —y)+cos(z+y)), sinzsiny = %(cos(a? —y) —cos(z+y)). (5.33d)
tan(z £ y) = tanz +tany (5.33e)

1T tanztany’

5.8. Landau’s symbols

Let ¢ € [—o00, 00| and consider two real valued functions f, g defined on the same set X which
admits ¢ as a cluster point. We say that

f(@)=0(g(z)) asz —c (5.34)
if there exists a positive constant C' and a neighborhood U of ¢ such that
Vee X, xe(XNU)\{c}=|f(z)] <Clg(z)].

For example
1
_r O(—-) as z — oo.
z2+1 x

f(@)=o(g(z)) asz —c, (5.35)
if for any € > 0 there exists a neighborhood U; of ¢ such that
Vee X, zeU:\{c} = |f(z)] <elg(x)]
If g(x) # 0 for any x in a neighborhood U of ¢, then

We say that

. f(z)
flr)=o0(g(r)) asz — c<= lim —= = 0.
(#) = o(9()) tim 22
Loosely speaking, this means that f(x) is much, much smaller than g(x) as z approaches c.
For example

as T — 00,

and
23 =o(2?) as z — 0.
Finally, we say that f is similar to g(z) as  — ¢, and we write this
flx) ~g(x) asx — ¢
if
lim M =1.
T g x)
For example
23 =392 +17 ~ 22 + 322+ 22 +1 as = — oo,
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and
e’ -1~z as z— 0.
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5.9. Exercises

Exercise 5.1. Prove that any real number is a cluster point of the set of rational numbers.O
Exercise 5.2. Prove Proposition 5.3. O

Exercise 5.3 (Squeezing principle). Let f,g,h : X — R be three functions defined on the
same subset X C R and c a cluster point of X. Suppose that U is a deleted neighborhood of
¢ such that

f(z) <h(z)<g(x), v eUNX.
Show that if
lim f(x) = A = lim g(x),

r—c Tr—cC
then
lim h(z) = A. 0

Tr—cC

Exercise 5.4. Consider a subset X C R, a function f: X — R, and a cluster point ¢ of the
set X. Prove that the following statements are equivalent.

(i) The limit lim,_,. f(x) exists and it is finite.
(ii) For any sequence (z,)neny C X such that z,, — ¢ and z,, # ¢, ¥n € N the sequence
(f(zn) )neN is convergent.

O

Exercise 5.5. Let I C R be an interval and f : I — R a function. Suppose that f is a
Lipschitz function, i.e., there exists a constant L such that

Show that for any y € Y we have

lim f(z) = f(y). 0

T—Y

Exercise 5.6. We already know that the series

1
2
n>1

converges for any rational number s > 1. Prove that it converges for any real number s > 1.0

Exercise 5.7. (a) Prove that for any n € N we have

(b)Let k € N and consider the function f: R\ {0} = R, f(x) = x% Show that
lim f(z) = occ. 0
z—0

Exercise 5.8. Fix a natural number n. Consider the polynomial

P(z)=2z" +an_12" ' 4+ - + a1z + ag.
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Show that

lim P(z) =00, lim P(z)= O

T—00 T——00 —o00 ,nis odd.

{oo, n is even
Exercise 5.9. Consider two convergent sequences of real numbers (zy,)n>0, (Yn)n>0. We set
r:= lim x,, y:= lim y,.

n—oo n—oo

Show that if z,, > 0, Vn > 0 and = > 0 then
lim z¥" = Y.
n—oo

Hint. Use the same strategy as in the proof of Theorem 5.21. g

Exercise 5.10. Prove that

n—o0

n
lim (1+2)" =¢”, vaoeR
n
Hint: Use the result in Example 5.27 and Theorem 5.21. O

Exercise 5.11. Fix an arbitrary number a > 1.

(a) Prove that for any z > 1 we have

a® >al > 14 (a—1)|z] + (m>(a —1)2

(b) Prove that

Hint. Use (a) and Example 4.18.
(c) Let r > 0. Prove that

lim — =0
z—o00 ¥
Hint. Reduce to (b).
(d) Prove that
lim 28 _
T—00
Hint. Reduce to (c). O

Exercise 5.12. Fix a positive real number s and consider the function f : (0,00) — R,
f(@) = 2°.
(a) Show that f is an increasing function.
(b) Show that

lim 2° = 0.

\0
Exercise 5.13. Let a,b € R, a < b. Prove that if f: (a,b) — R is a nondecreasing function
and xg € (a,b), then the one sided limits

li and i
JC%lof(ﬂf) n zl\rgof(fﬂ)
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exist and

lim f(z) = sup f(z), lim f(z)= inf f(x). 0

x /"o r<xo \(Zo xr>x0

Exercise 5.14. Consider the function

f:R\{0} - R, f(z)==xsin (i) .
Prove that

lim f(z) = 0. 0

xz—0

AW/WW

Figure 5.12. The graph of zsin(1/z) for |z| < =/10.

Exercise 5.15. Consider f : [0,00) — R,

223 + 22
S e e
Show that
flz)=0(1) as x — oo.
Above, we used Landau’s notation introduced in section 5.8. O

Exercise 5.16. (a) Prove Lemma 5.15.
Hint. The case a = 1 is trivial. In the case a > 1 show that there exists a sequence of
positive rational numbers (r,) such that
—rp <xzp—x <1, Vn
Now use Lemma 5.9, Lemma 5.12, and the Squeezing Principle to conclude. The case a < 1
follows from the case a > 1.
(b) Prove the equality (5.11).
Hint. First prove that (5.11) holds for any x € Q. Then conclude using Lemma 5.15. O

Exercise 5.17. Prove Proposition 5.23. g
Exercise 5.18. Prove Theorem 5.24. O
Exercise 5.19. Prove Theorem 5.29. O

Exercise 5.20. Prove Theorem 5.30. O
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5.10. Exercises for extra credit

Exercise* 5.1 (Viete). Consider the sequence (z,)n>0 defined by

1+,
2

0 =0, Tpy1 = , Vn > 0.

(a) Prove that
7r

Tn :cosﬁ, Vn > 0.

(b) Prove that
. 2
lim (x1-zo- - xy) = —.



Chapter 6

Continuity

6.1. Definition and examples

The concept of continuity is a fundamental mathematical concept with wide a range of
applications.

Definition 6.1. Suppose that X C R and f : X — R is a real valued function defined on
X. We say that the function f is continuous at a point ro € X if

Ve >0 36 =6(e) > 0 such that Vz € X |z — x| <= |f(x) — f(z0)] <e.

We say that the function f is continuous (on X ) if it is continuous at every point xp € X.0O

Arguing as in the proof of Theorem 5.4 we obtain the following very useful alternate
characterization of continuity. The details are left to you as an exercise.

Theorem 6.2. Let X C R, zg € X, and f : X — R a real valued function on X. The
following statements are equivalent.

(i) The function f is continuous at xg.

(ii) For any sequence (zp)nen in X such that x, — xo, we have lim,, f(z,) = f(zo).

We have the following useful consequence which relates the concept of continuity to the
concept of limit. Its proof is left to you as an exercise.

Corollary 6.3. Let X C R and f : X — R. Suppose that xg € X is a cluster point of X.
Then the following statements are equivalent.

(i) The function f is continuous at xy.

(ii) limg—z, f(x) = f(x0).

123
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We have already encountered many examples of continuous functions.

Example 6.4. (a) Let k£ € N. Then the function
f:R—=R, f(z)=zF V&eR,

is continuous on its domain R. Indeed, if g € R and (z,),er is a sequence of real numbers
such that z,, — xg, then Proposition 4.15 implies that

ks zk,
thus proving the continuity of f at an arbitrary point zg € R.

(b) A similar argument shows that if ¥ € N, then the function

FER\{0} 2R, fz) =, Ve €R\ {0},

is continuous.

(c) Fix s € R. Then the function

f:(0,00) = R, f(z)=2a% Vx>0,

is continuous. Indeed, this follows by invoking Theorems 5.21 and 6.2.

(d) Let @ > 0. Then the functions

fiR = (0,00), f(x) = a”,
and
g:(0,00) > R, g(x)=log,z,

are continuous on their domains. Indeed, the continuity of f follows from Lemma 5.15, while
the continuity of g follows from Theorem 5.20.

(e) The trigonometric functions
sin,cos : R - R

are continuous.

Let us first prove that these functions are continuous at g = 0. The continuity of sin at g = 0 follows immediately
from (5.30) and Corollary 6.3. To prove the continuity of cos at xg = 0 we have to show that if (z,) is a sequence of
real numbers such that z,, — 0, then cosxz, — cos0 = 1.

Let (zn,) be a sequence of real numbers converging to zero. Then

cos? T, =1— sin? T

and we deduce that

limcos? zn, =1 —sin? x, = lim(1 — sin® zn) =1.
n n
Since xn — 0, we deduce that there exists No > 0 such that [zn| < 5, ¥n > No. The inequalities (5.26g) imply that
coszp >0, Vn >q,

so that,
cos Ty = V1 —sin? T, VYn > Np.
Exercise 4.15 now implies that
lim cos zn, = , /lim(1 — sin® z,,) = V1 = cos0.
n n
We can now prove the continuity of sin and cos at an arbitrary point xg. Suppose that x,, is a sequence of real numbers

such that z,, — zg. We have to show that

limsin x,, = sinxg and lim cosxz, = coszg.
n n
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We set h,, = xn, — xg, so that, xn, = xo + h. Then

. . (5.33a) . .
sinzy, = sin(zo + hn) = = ~ sinzg cos hy, + sin hy, cos g
and
(5.33a) . .
cos Ty, = cos(xo + hn) =~ coszg coshy, — sinzg sin hn,.

Observe that h, — 0 and, since sin and cos are continuous at 0, we have sin h,, — 0 and cos h,, — 1. We deduce

lim sin z,, = limsin(zo + hy) = sinzg lim cos hy, + cos g lim sin hy, = sinzg
n n n n

and
lim cos z,, = lim cos(zo + hn) = cos zg lim cos hy, — sin zg lim sin hy, = cos zg.
n n n n

(f) Recall that a function f: X — R, X C R is called Lipschitz if
dL > 0: V$1,$2 eX |f(.1‘1) — f(.fUQ)‘ < L’.%l — .CI}2|.

Observe that a Lipschitz function is necessarily continuous. Indeed, if g € X and (z,,) is a
sequence in X such that x,, — xg then

|[f (&) = f(20)| < Llzn — 20| =0,
and the squeezing principle implies that f(z,) — f(zo).

Observe that the absolute value function f : R — [0,00), f(x) = |z| is Lipschitz because
of the following elementary inequality (see Exercise 4.5)

[f(@) = W)l = |12l = lyl[ < |z —yl, Yo,y R, (6.1)
Thus the absolute value function f: R — R, f(z) = |z| is a continuous function. 0

Proposition 6.5. Let X C R, ¢ € R, and suppose that f,g : X — R are two continuous
functions. Then the functions

f+gacf)f'g:X_>]R7
are continuous. Additionally, if Ve € X g(z) # 0, then the function

i X - R
g
s also continuous.
Proof. This is an immediate consequence of Proposition 4.15 and Theorem 6.2. a

Example 6.6. Polynomial function p : R — R defined by
p(x) = cux™ + -+ 4 1w + co,

n€Z,n>0,co,...,c, €R are continuous. For example, the function p(z) = 23 — 22 + 5,
x € R, is continuous on R.

We can easily get more complicated examples. Thus the function (2® — 22 + 5)sinz,
x € R, is continuous, the function e* 4+ e™*, x € R, is continuous and nowhere zero, so the
quotient
(3 — 2z + 5)sinx
et +e %
is also continuous on R. O

, teR
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Proposition 6.7. Suppose that X, Y C R and that f : X > R andg:Y — R are continuous
functions such that
f(X)cY.

Then the composition go f : X — R, go f(x) = g(f(x)), Vo € X is also a continuous
function.

Proof. Theorem 6.2 implies that we have to prove that for any zo € X and any sequence
(zn,) in X such that z,, — x¢ we have

9(f(xn)) = g( f(20) ).

Set yo := f(x0), yn = f(xn). Since f is continuous at xp, Theorem 6.2 shows that
flxn) = f(xo), ie., yo — yo. Since g is continuous at yo, Theorem 6.2 implies that
9(yn) = 9(yo), i-e.,

9(f(zn)) = g(f(z0)).

Example 6.8. Consider the continuous functions
frg,h:R—= R, f(z)=sinz, g(x)=e", h(z)=|z|

Then g o f(z) = €™ is continuous on R, and so is the function f o g(z) = sine®. Similarly
foh(x) =sin|z| is a continuous function on R. O

Definition 6.9. Let X C R be a set of real numbers and f : X — R a real valued function
on X.

(a) The sequence of functions f, : X — R, n € N is said to converge pointwisely to the
function f: X — R if

lim fn(x) = f(.f), Vo € X,

ie.,
Ve >0, Ve€ X N = N(e,z): Vn> N(e,z) |fu(z) — f(z)| <e. (6.2)

(b) The sequence of functions f, : X — R, n € N is said to converge uniformly to the
function f: X — R if

Ve >0 IN = N(e) >0 such that Vn > N(e), Ve € X : |fn(z) — f(z)] <e. (6.3)
O

Theorem 6.10 (Continuity of uniform limits). Let X C R be a set of real numbers. If the
sequence of continuous functions

fo:X >R, neN

converges uniformly to the function f : X — R, then the limit function f is also continuous
on X.
Proof. We have to prove that given g € X the function f is continuous at xg, i.e., we have

to show that
Ve>0 30 =6(e) >0 Ve e X |z —xo| <0=|f(x) — f(zo)] <e. (6.4)
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Let € > 0. The uniform convergence implies that
AN(e) >0: Yz e X, Vn>N() |fulz) — fla)| < % (6.5)
Fix ng > N(g). The function f,, is continuous at x¢ and thus
36(s) >0 Vo € X ¢ |z — 20| < 6(€) = |fug () — fng(z0)] < % (6.6)
We deduce that if |x — x| < d(e), then
[f (@) = f(@o)| < [f(2) = o (@) + [ fro (€) = Fro (@0)| + [ frg (0) — flz0)]. (6.7
From (6.5) we deduce that since ng > N(g) we have
(@) = fao(@), |faa(@0) = flao)] < 5. Vo € X.
From (6.6) we deduce that if |x — x| < d(¢), then

| o () = fro (w0)] < %

Using these facts in (6.7) we deduce that if |z — x| < d(e), then
[f (@) = f(xo)| <e.

6.2. Fundamental properties of continuous
functions

In this section we will discuss several fundamental properties of continuous functions, which
hopefully will explain the usefulness of the concept of continuity.

Theorem 6.11. Suppose that ¢ is an arbitrary real number, X C R and f : X — R is a
function continuous at xg € X.

(a) If zo € X satisfies f(zo) < ¢, then there exists § > 0 such that

Vee X (lx—zo| <d= f(z) <c).
In other words, if f(xo) < ¢, then for any x € X sufficiently close to xy we also have f(x) < c.
(b) If xo € X satisfies f(xo) > ¢, then there exists 6 > 0 such that

Vee X (lx—zol <d= f(z) >c).

In other words, if f(xg) > ¢, then for any x € X sufficiently close to xg we also have f(x) > c.

Proof. Fix gy > 0, such that f(z¢)+eo < c. (For example, we can choose eg = (c— f(z) ).)
The continuity of f at xp (Definition 6.1) implies that there exists o > 0 such that for
any = € X satisfying |x — xo| < dp we have
|f(z) = f(z0)| < €0,
so that
f(@o) —eo < fz) < flzo) +e0 <c.
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Corollary 6.12. Suppose that X C R, g € X and f: X — R is a continuous function such
that f(xo) # 0. Then there exists 6 > 0 such that

Vee X (lx—zol <d= f(z) #0).
In other words, if f(xg) # 0, then for any x € X sufficiently close to x¢ we also have f(x) # 0.

Proof. Consider the function g : X — R, g(z) = |f(x)|. The function g is continuous
because it is the composition of the absolute-value-function with the continuous function f.
Additionally |g(zo)| > 0. The desired conclusion now follows from Theorem 6.11 (b). 0

To state and prove our next result we need to make a small digression. Recall that the
Completeness Aziom states that if the set X C R is bounded above, then it admits a least
upper bound which is a real number denoted by sup X. If the set X is not bounded above,
then we define sup X := oo. Thus we gave a meaning to sup X for any subset X C R.
Moreover,

sup X < co<=-the set X is bounded above.

Similarly, we define inf X = —oo for any set X that is not bounded below. Thus we gave a
meaning to inf X for any subset X C R. Moreover,

inf X > —oco<=-the set X is bounded below.

Lemma 6.13. (a) IfY is a set of real numbers and M = supY € (—oo, 0], then there exists
an increasing sequence of real numbers (My)n>1 and a sequence (yp) in'Y such that

M, <y, <M, Vn, limM, = M.
n
(b) If Y is a set of real numbers and m = infY € [—o00,00), then there exists a decreasing
sequence of real numbers (myp)n>1 and a sequence (y,) in'Y such that

m <y, <my, Vn, limm, =m.
n

Proof. We prove only (a). The proof of (b) is very similar and it is left to you as an exercise.
We distinguish two cases.

A. M < co. Since M is the least upper bound of Y, for any n > 0 there exists y, € X such
that

1
M— = <y, <M.
n
The sequences (y,) and M,, = M — % have the desired properties.

B. M = oco. Hence, the set Y is not bounded above. Thus, for any n € N there exists y, € Y
such that y, > n. The sequences (y,,) and M,, = n have the desired properties. O

Theorem 6.14 (Weierstrass). Consider a continuous function f defined on a closed and bounded

interval f : [a,b] — R. Then the following hold.
(i)
M :=sup{ f(z); =€ [a,b]} < oco.
(ii) J=* € [a,b] such that f(z*) = M.
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(i)
m :=inf{ f(z); x € [a,b]} > —ooc.
(iv) Jzx € [a,b] such that f(zy) = m.

Proof. We prove only (i) and (ii). The proofs of statements (iii) and (iv) are similar. Denote
by Y the range of the function f,

Y ={f(z); z€lab]}.

Hence M = supY. From Lemma 6.13 we deduce that there exists a sequence (y,,) in Y and
an increasing sequence (M,,) such that

M, <y, <M, limM, =M.
n

The Squeezing Principle implies that

limy, = M. (6.8)

n

Since y,, is in the range of f there exists z,, € [a, b] such that f(x,) = y,. The sequence (x)
is obviously bounded because it is contained in the bounded interval [a,b]. The Bolzano-
Weierstrass Theorem (Theorem 4.29) implies that (x,) admits a subsequence (x,,) which

converges to some number z*
. *
hlgn Tpy, =T .

Since a < xy,, < b, Vk, we deduce that 2* € [a,b]. The continuity of f implies that
lilgnynk = 1i]£n f(zn,) = f(z¥).

On the other hand
h;lgn Yn, = limy, €5 M.
Hence
M = f(z") < o0.

O
Definition 6.15. Let f: X — R be a function defined on a nonempty set X C R.
(a) A point ., € X is called a global minimum of f if
f(ze) < f(x), Vo e X.
(b) A point * € X is called a global mazimum of f if
f(z) < f(z%), Vo e X. 0

We can rephrase Theorem 6.14 as follows.

Corollary 6.16. A continuous function f : [a,b] — R admits a global minimum and a global
mazimum. O

Remark 6.17. The conclusions of Theorem 6.14 do mot necessarily hold for continuous
functions defined on non-closed intervals. Consider for example the continuous function

F(01] SR, fz) =1

X
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Figure 6.1. If the graph of a continuous functions has points both below and above the
x-axis, then the graph must intersect the x-axis.

Note that f(1/n) =n, Vn € N so that
sup{ f(z); z € (0,1] } = oo. O

Theorem 6.18 (The intermediate value theorem). Suppose that f : [a,b] — R is a continuous
function and ¢, d € [a,b] are real numbers such that

c<d and f(c)- f(d) <O.

Then there exists a real number r € (c,d) such that f(r) = 0.

Proof. We distinguish two cases: f(c) < 0 of f(c) > 0. We discuss only the case f(c) < 0
depicted in Figure 6.1. The second case follows from the first case applied to the continuous
function —f. Observe that the assumption f(c)f(d) > 0 implies that if f(c¢) < 0, then
f(d) > 0.
Consider the set
X :={ze€led; f(z)<0}.
Clearly X is nonempty because ¢ € X. By construction, the set X is bounded above by d.
Define
r:=sup X.

We will prove that f(r) = 0. Since r = sup X, we deduce from Lemma 6.13 that there exists
a sequence (zy) in X such that z, — r as n — oo. The function f is continuous at r so that

Fr) = lim f(zn).

On the other hand f(z,) < 0, for any n because z,, € X. Hence f(r) < 0. In particular
r # d because f(d) > 0.

. : —

¢ r r+d d

Figure 6.2. The function f would be negative on [r,r + ] if f(r) were negative.
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To prove that f(r) = 0 it suffices to show that f(r) > 0. We argue by contradiction and
we assume that f(r) < 0. Theorem 6.11 implies that there exists § > 0 such that if z € [a, ]
and |z —r| < ¢, then f(z) < 0. Thus f(z) <0 for any z € [a,b] N [r,r + J]; Figure 6.2.

Choose h > 0 such that

h < min{ 4, dist(r, d) }.

Then r + h € [r,d] and r + h € [r,r +6]. Hence r + h € [¢,d] and f(r + h) < 0 so that
r + h € X. This contradicts the fact that » = sup X.

O

The Intermediate Value Theorem has many useful consequences. We present a few of
them.

Corollary 6.19. Suppose that f : [a,b] — R is a continuous function, yo € R and ¢ < d are
real numbers in the interval [a,b] such that

o cither f(c) <o < f(d) , o
e flc) = yo = f(d).
Then there exists xg € [c,d] such that f(xo) = yo.

Proof. If f(c) = yo or f(d) = yo, then there is nothing to prove so we assume that
f(e), f(d) # yo. Consider the function g : [a,b] — R, g(z) = f(z) — yo. Then g(c)g(d) < 0,
and the Intermediate Value Theorem implies that there exists z¢ € (¢, d) such that g(xg) = 0,

i.e., f(z0) = vo. 0

Corollary 6.20. Suppose that f : [a,b] — R is a continuous function and ¢ < d are real
numbers in the interval [a,b] such that

f(z) #0, V€ (cd).
Then the function f does not change sign in the interval (¢,d), i.e., either
f(@) >0, V€ (c,d),

or

f(x) <0, Vz e (cd).

Proof. If f did change sign in the interval (¢, d), then we could find two numbers ¢, d’ € (¢, d)
such that f(¢) < 0 and f(d’) > 0. The Intermediate Value Theorem will then imply that
f must equal zero at some point 7 situated between ¢ and d’. This would contradict the
assumptions on f. O

Corollary 6.21. Suppose that f : [a,b] — R is a continuous function,
M =sup{ f(z); z € [a,b}, m=inf{ f(z); z € [a,b]}.

Then the range of the function f is the interval [m, M].
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Proof. Observe first that
m < f(z) <M, Vz € [a,b].
This shows that the range of f is contained in the interval [m, M]. Let us now prove the

opposite inclusion, i.e., [m, M] is contained in the range of f. More precisely, we need to
show that for any yo € [m, M| there exists xg € [a, ] such that f(zg) € [m, M].

Observe first that Weierstrass’ Theorem 6.14 implies that m, M belong to the range of
f. In particular, there exist ¢,d € [a,b] such that f(c) =m and f(d) = M. In particular,

fle) <wo < f(d).
Corollary 6.19 implies that there exists a number x( situated between ¢ and d such that
f (o) = wo- O

Corollary 6.22. Suppose that f : R = R is a continuous function such that
lim f() € (0.00] lim_f(z) € [-00,0).

Then there exists v € R such that f(r) = 0. O

The proof of this corollary is left to you as an exercise.

Corollary 6.23. Suppose that a < b and f : [a,b] — R is a continuous function. Then the
following statements are equivalent,

(i) The function f is injective.

(ii) The function f is strictly monotone; see Definition 5.17(v).

Proof. The implication (ii) = (i) is immediate. Indeed, suppose x1,z2 € [a,b] and z; # z2.
One of the numbers x1, z9 is smaller than the other and we can assume z1 < xo. If f is
strictly increasing, then f(z1) < f(z2), thus f(z1) # f(x2). If f is strictly decreasing, then
f(x1) > f(x2) and again we conclude that f(x1) # f(z2).

Let us now prove (i) = (ii). Since a¢ < b and f is injective we deduce that either
f(a) < f(b), or f(a) > f(b). We discuss only the first situation, f(a) < f(b). The second
case follows from the first case applied to the continuous injective function g = —f. We will
prove in several steps that f is strictly increasing.

Step 1. Suppose that d € [a,b) is such that f(d) < f(b). Then

£(d) < £(0), ¥ee (d,b) (6.9)
We argue by contradiction. Assume that there exists ¢ € (d, b) such that f(c) < f(d). Since
f is injective and d # ¢ we deduce f(d) # f(c) so that f(c) < f(d); see Figure 6.3.

We observe that on the interval [c,b] the function f has values both < f(d) and > f(d)
because
fle) < f(d) < f(b).
The Intermediate Value Theorem implies that there must exist a point 7 in the interval (¢, b)
such that f(r) = f(d); see Figure 6.3. This contradicts the injectivity of f and completes the
proof of Step 1.
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VA

fib)

fld)

fle)

"y

Figure 6.3. A continuous injective function has to be monotone.

Step 2. We will show that

f(e) < f(b), VYce (a,b). (6.10)
Again we argue by contradiction. Assume that there exists ¢ € (a,b) such that f(c) > f(b).
Since f is injective, f(c) > f(b); Figure 6.4.

A

f(C) - - —-—-"—-=-=-=-=-=--

fib)y-------—-——-—H= - ———— -

fla) -~

S*¢--"-"-"-""-"----

|
|
|
|
I
|
|
|
I
|
5.
7

Figure 6.4. A continuous injective function has to be monotone.
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We observe that on the interval [a, c] the function f has values both < f(b) and > f(b)
because

f(e) > f(b) > f(a),
The Intermediate Value Theorem implies that there must exist a point r in the interval (a, c)

such that f(r) = f(b); see Figure 6.4. This contradicts the injectivity of f and completes the
proof of Step 2.

Step 3. Suppose that d < d' are points in the interval (a,b). We want to show that
f(d) < f(d’). Note that since d € (a,b) we deduce from (6.9) and (6.10) that f(a) < f(d) < f(b).
Since d’' € (d,b) and f(d) < f(b) we deduce from Step 1 that f(d) < f(d'). 0

Example 6.24. Consider the function
sin: [-7/2,7/2] = R.

Using the trigonometric-circle definition of sin we deduce that the above function is strictly
increasing. Note that

(/9 — —1 — minsi : 9y = 1 — .
sin(—m/2) minsin z, sin(m/2) max sin

Using Corollary 6.21 we deduce that the range of this function is [—1, 1] so that the resulting
function

sin[—-7/2,7/2] = [-1,1]
is bijective. Its inverse is the function
arcsin : [—1,1] — [—7/2,7/2].
We want to emphasize that, by construction, the range of arcsin is [—m/2, 7/2].
Similarly, the function
cos: [0,7] = R
is strictly decreasing and its range is [—1,1]. Its inverse is the function
arccos : [—1,1] — [0, 7]. 0
Finally, consider the function
tan: (—7m/2,7/2) — R.
Exercise 6.15 asks you to prove that the above function is bijective. Its inverse is the function
arctan : R — (—m/2,7/2). O

Definition 6.25. Suppose that X is a nonempty subset of the real axis and f: X — Ris a
real valued function defined on X. The oscillation of the function f on the set S C X is the
quantity

osc(f,S) :=sup f(s) — inf f(s) € [0, c0]. 0
ses seS
Let us observe that
osc(f,S) = /Sl}lréslf(S') — f(")]. (6.11)

Exercise 6.13 asks you to prove this equality.
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Definition 6.26. Let J C R be an interval and f : J — R a function. We say that f is
uniformly continuous on J if for any € > 0 there exists § = d() > 0 such that for any closed
interval I C J of length ¢(I) < 6 we have

osc(f,I) <e. 0

Remark 6.27. The uniform continuity of f : J — R can be alternatively characterized by
the following quantized statement

Ve >0 36 =d(e) > 0 such that Vz,ye J |z —y|<d=|f(z)— f(y)] <e. 0

Proposition 6.28. Let J C R be an interval and f : J — R a function. If f is uniformly
continuous, then f is continuous at any point xg € J.

Proof. Let zg € J. We have to prove that Ve > 0 there exists d > 0 such that
Vo |z —xo| 0= |f(z) — f(zo)| <e.
Since f is uniformly continuous, there exists dg = do(€) > 0 such that, for any interval I C J

of length < dp(g) we have osc(f,I) < e. Consider now the interval

)
I, = {.TUEJ; |x—x0]<§0}.

Clearly I,, has length < dp so that osc(f, I5,) < €. In particular (6.11) implies that for any
x € Iy, we have

[f (@) = fxo)| <e.
(5()(6)
2

Hence

|z — zo] < d(e) := =z € Iy = |f(x) — f(zo)| <e

O

Theorem 6.29 (Uniform Continuity). Suppose that a < b are two real numbers and f : [a,b] — R
is a continuous function. Then f is uniformly continuous, i.e., for any € > 0 there exists
0 =6(e) > 0 such that for any interval I C [a,b] of length £(I) < ¢ we have

osc(f,I) <e.

Proof. We have to prove that
Ve >0 36 >0 VI C [a,b] interval, £(I) <= osc(f,I) <e.
We argue by contradiction and we assume that the opposite is true
deg >0 Vo >0 3T =I5 C [a,b] interval, £(I5) <& Aosc(f,Is) > eo.
We deduce that for any n € N there exists a closed interval I,, = [ay, b, C [a,b] of length
< % such that
OSC(f, [am bn]) > €o- (6'12)
Since the length of [ay, b,] is < 2 we deduce

1
an < b, <a,+ —.
n
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The Bolzano-Weierstrass Theorem 4.29 implies that the sequence (a,,) admits a convergent
subsequence (a,, ). We set
ay = lim ay,,.
—00

Since a < a,, < b, we deduce a, € [a,b]. Since

1
ank. < bnk S ank +n7
k

we deduce from the Squeezing Principle that
lim b,, = lim a,, = a,.
k—o00 k—o0

On the other hand, since a,. € [a,b], the function f is continuous at a.. Thus there exists
0 > 0 such that .
0
| —a] < 6= [f(z) = flas)] <
In other words,
€ €
dist(z,as) < 6 = f(as) — ZO < f(x) < flas) + ZO'
Since ap, , by, — a. there exists ky such that
€ €
(g g] © (ax = 6,00+ 8) = flan) = 7 < f(2) < f(a2) + 7, Vo € any, by, )
Thus
€0 . €0
fla) =< inf o f@) < sup (o) < flae) + 5

4 7 a€lang bny ] @€lany, by, ]
This shows that
€0 €0 €0
osc( f, [@n, s bng | )< (f(a*) + Z) - (f(a*) - Z) =5
This contradicts (6.12) and completes the proof of the theorem. O
Remark 6.30. The above result is no longer valid for continuous functions defined on non-

closed or unbounded intervals. Consider for example the continuous function f : (0,1) — R,
f(z) = 1. For each n € N, n > 1 we define

1 1
I = { : f} .
" n+1'n
Since f is decreasing we deduce that

1 . 1
swp f(@) = f(Log) =nt o J@) = f(5) =n
so that osc(f,I,) = 1. On the other hand, ¢(I,) = ﬁ — 0 as n — oo. We have thus

produced arbitrarily short intervals over which the oscillation is 1.

Exercise 6.12 describes an example of continuous function over an unbounded interval
that is not uniformly continuous on that interval. a
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6.3. Exercises

Exercise 6.1. Prove Theorem 6.2. O

Exercise 6.2. Suppose that f, g : R — R are two continuous functions such that f(g) = g(q),
Vq € Q. Prove that f(z) = g(x), Vo € R.

Hint. You may want to invoke Proposition 3.32. a
Exercise 6.3. Prove Corollary 6.3. g
Exercise 6.4. Prove the inequality (6.1). 0

Exercise 6.5. Suppose that f, g : [a,b] — R are continuous functions.
(a) Prove that the function |f| continuous.

(b) Prove that for any x € [a, b] we have

max{ f(z),g(z) } = %(f(m) +g(z) + |f(z) — g(z)]).

(c) Prove that the function h : [a,b] — R, h(x) = max{f(x), g(z)} is continuous. 0

Exercise 6.6 (Weierstrass). Suppose that X is a nonempty set of real numbers, f, : X — R,
n € N, is a sequence of functions, and f : X — R a function on X. Suppose that for any
n € N we have

My, 2= sup | fn(x) — f(2)] < oo
zeX
Prove that the following statements are equivalent.

(i) The sequence (f,) converges uniformly to f on X.
(i) limp_so0 My = 0.

Exercise 6.7 (Weierstrass). Consider a sequence of functions f, : [a,b] — R, n > 0, where
a,b are real numbers a < b. Suppose that there exists a sequence of positive real numbers
(¢n)n>0 with the following properties.

(i) [fn(z)] < cn, Y0 >0, Vz € [a, b].
(ii) The series ano ¢y 18 convergent.

(a) Prove that for any = € [a, b], the series of real numbers ), -, fn() is absolutely conver-
gent. Denote by s(x) its sum.

(b) Denote by s,(x) the n-th partial sum
sn(z) = fo(z) + fi(z) + -+ fulz)

Prove that the sequence of functions s, : [a,b] — R converges uniformly on [a,b] to the
function s : [a,b] — R defined in (a).

Hint. Use Exercise 6.6. O
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Exercise 6.8. Consider the power series
Zanazn, an € R. (6.13)
n>0
Suppose that for some R > 0 the series
S ot
n>0
is absolutely convergent.

(a) Prove that the series (6.13) converges absolutely for any « € [—R, R|. Denote by s(x) its
sum.

(b) Denote by s, (x) the n-th partial sum
sp(x) =ag+ a1z + - + apz™.

Prove that the resulting sequence of functions s, : [-R, R] — R converges uniformly to s(z).
Conclude that the function s(x) is continuous on [—R, R].

Hint. Use the results in Exercise 6.7. O

Exercise 6.9. Consider the sequence of functions
fn:0,1] = R, fo(z)=2", neN.
(a) Prove that for any = € [0, 1] the sequence (f,(x))nen is convergent. Compute its limit

f(@).

(b) Given n € N compute

sup | fn(z) = f(2)|.

z€[0,1]

(c) Prove that the sequence of functions f,(x) does not converge uniformly to the function
f(x) defined in (a). 0

Exercise 6.10. (a) Prove Corollary 6.22.
(b) Let f(x) be a polynomial of odd degree. Prove that there exists r € R such that f(r) = 0.0

Exercise 6.11. Suppose that f : [0,1] — [0, 1] is a continuous function. Prove that there
exists ¢ € [0,1] such that f(¢) = ¢. Can you give a geometric interpretation of this result? O

Exercise 6.12. (a) Find the oscillation of the function f : [0,00) — R, f(z) = 22, over an
interval [a, b] C (0, 00).

(b) Prove that for any n € N one can find an interval [a, b] C [0,00) of length < 1 over which
the oscillation of f is > 1. O

Exercise 6.13. (a) Suppose that f : X — R is a function defined on a set X, and Y C X.
Prove that

osc(f,X)= sup |f(z')— f(2")] and osc(f,Y) < osc(f, X).

! z'eX
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(b) Consider a function f : (a,b) — R. Prove that f is continuous at a point zg € (a,b) if
and only if

li 3 -0 6])=0.
6%050(fa[550 ,20+4]) =0

(c) Suppose that f : [a,b] — R is a continuous function. Prove that

osc(f, (a,b)) = osc(f, [a,b]).

Exercise 6.14 (Cauchy). Suppose X C R is a nonempty set of real number and f,, : X — R
is a sequence of real valued functions defined on X. Prove that the following statements are
equivalent.

(i) There exists a function f : X — R such that the sequence f,, : X — R converges
uniformly on X to f: X — R.

(ii) Ve > 0, AN = N(e) € N such that
Vn,m > N(g), Ve e X : |fu(z) — fi(2)| <e.

O
Exercise 6.15. Consider the function
sin T
(—7m/2,7m/2) = R, =tanx = .
[ (omj2m/2) S R, f(z) =tans =S
Prove that f is strictly increasing and
lim T) = F00.
r—tm/2 f( )
Conclude that f is bijective. O

6.4. Exercises for extra-credit

Exercise* 6.1. Suppose that f : [a,b] — R is a continuous function. For any z € [a,b] we
define
m@) = inf f(z), M(z)= sup f(z).

t€la,z] tela,z]

Prove that the functions x — m(z) and x — M (z) are continuous. 0

Exercise* 6.2. Suppose that f: R — R is a continuous function satisfying

f0)=0, f(1)=1
and

flx+y) = f(x)+ fly), Yz €R.
Prove that f(z) = x, Vx € R. .

Exercise* 6.3. Suppose that f : R — R is a continuous function satisfying the following
properties.

(i) f(z) >0,Vz e R.
(i) flz+y) = f(z)f(y), Vz,y € R.
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Set a := f(1). Prove that f(z) = a®, Vo € R. 0
Exercise* 6.4 (Dini). Suppose that f, : [0,1] — R, n € N is a sequence of continuous
functions with the following properties.

(i) For any ¢ € [0,1] we have
f1(t) < falt) < fs(t) < -+
(ii) There exists a continuous function f : [0,1] — R such that
Jim fio(8) = f(2)-

Prove that the sequence of functions (f,,) converges uniformly to f on [0,1]. O

Exercise* 6.5. Suppose that f : [0,1] — R is a continuous function. For n € R define
fn:]0,1] = R
by setting
£(0), ifz=0
Jl@) = {min{f(:c);knl Sxﬁ%}, if % <zx< %, k=1,...,n.

Prove that the sequence of functions (f,,) converges uniformly to the function f on [0,1]. O



Chapter 7

Differential calculus

7.1. Linear approximation and derivative

The differential calculus is one of the most consequential scientific discoveries in the history of
mankind. Surprisingly, this revolutionary theory is based on a very simple principle: often one
can learn nontrivial things about complicated objects by approximating them with simpler
ones.

In the case at hand, the complicated object is a function f : (a,b) — R and one would like
to understand its behavior near a point g € (a,b). To achieve this, we try to approximate f
with a simpler function, and the linear functions are the simplest nontrivial candidates.

Definition 7.1. Suppose that I is an interval! on the real axis, f : I — R is a function and
xg € I. A linear approximation or linearization of f at xg is a linear function

L:R—R, L(z)=b+m(x — x)

such that
L(zo) = f(xo) (7.1)

and

f(x) — L(z) = o(x — z9) as x — xo. (7.2)
Above we used Landau’s symbol o defined in (5.35) signifying that

lim 7f(x) — L(@) =0.
z€l, x—xo r — X0

The function is said to be linearizable at xq if it admits a linearization at xg. O

Suppose that L is a linearization of the function f : I — R at zp. By (7.1), the value of
L at xq is equal to the value of f at xg, L(zg) = f(x¢). On the other hand

L(xzg) =b+m(xg —x09) =b
and we deduce that L(z) has the form
L(z) = f(xo) + m(z — z9).

I The interval I could be closed, could be open, could be neither, could be bounded or not.

141
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The linear function L(x) is meant to approximate the function f(z) for « not too far for x.
The error of this linear approximation of f(z) is the difference r(z) = f(z) — L(x) which by
definition is o(z — x¢) as © — xp. In less rigorous terms, r(x) is a tiny fraction of (z — xg)
when z is close to xg. Note that

f(x) = L(z) = f(x) — (m(z —20) + f(x0) ) = f(x) — f(x0) — m(z — x0),
f@) = L(x) _ f(@) = flzo)

r — X Tr — X
Since
o S L@ L f@) = f(o)
=T xr — Xo T—T0 T — o
we deduce that
m = lim M' (7.3)
T—xQ Tr — X0

Thus if f is linearizable at xo, then there exists a unique linearization L(x) described by
L(z) = f(zo) + m(x — xo),
where the slope m is given by (7.3).

Definition 7.2. Suppose that [ is an interval of the real axis, f : I — R is a function and
xo € 1.

(i) We say that f is differentiable at xg if the limit (7.3)

o @) = I @0) -
T

exists and it is finite. If this is the case, we denote the limit by f’(x¢) or %\xzwo
and we will refer to it as the derivative of f at xg.

(ii) We say that f is differentiable on I if it is differentiable at any point = € I. The
function f’: I — R that assigns to x € I the derivative f'(z) of f at x is called the
derivative of the function f on the interval I. O

Remark 7.3. In concrete computations it is often convenient to describe the derivative of f
at xo as the limit

f(900+h)—f(1‘0)‘

/ — 1
f'(wo) = lim 3
This is obtained from (7.4) if we denote by h the ”displacement” x — xp. With this notation
we have x = xyp + h and

f(@) = f(wo) _ fwo+h)— f(xo) 0
T — Xo h '

The next result summarizes the observations we have made so far.

Proposition 7.4. Suppose that I is an interval of the real axis, f : I — R is a function and
xg € I. Then the following statements are equivalent.

(i) The function f is differentiable at xy.

(ii) The function f is linearizable at xg.
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(iii) The function f is differentiable at o and the function L(xz) = f(xzo)+ f'(z0)(z—xz0)
1s the linearization of f at xq, i.e.,

f(x) = f(xo) + f'(xo)(x — xo) +r(x), r(x)=o(x—x0) asx — wo. (7.5)
O

We should perhaps give a geometric interpretation to the linear approximation of f at
xg. The graph of f is the curve

Gy = { (z, f(z)) € R?; z € (a,b) }

The point zg € I determines a point Py = (xo, f(0) ) on the curve Gy; see Figure 7.1.

A

] e

fix) p-----

Figure 7.1. A tangent line to the graph of a function is a limit of secant lines.

The graph of a linear function L(x) is a line in the plane and since we are interested in
approximating the behavior of f near xg it makes sense to look only at lines ¢p, p determined
by two points Fy, P on the graph G y. Since we are interested only in the behavior of f near
g, we may assume that the the point P is not too far from FPy. Thus we assume that the
coordinates of P are (xo+ h, f(zo + h) ), where h is very small.

In more concrete terms, we look at the lines ¢p, p, determined by the two points
PO = ($07f(x0))7 Ph = (x0+h7f(x0+h))7
where h very small. The slope of the line ¢p, p, is

m(h) = f(xo+h) = f(wo) _ f(wo+h) — f(zo)
' (xo+ h) — g h )

so its equation is

y — f(xo) = m(h)(x — x0).
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This is the graph of the linear function
Ly w(x) = f(x0) +m(h)(z — x0).

Suppose that as h — 0 the line ¢p, p, stabilizes to some limiting position. This limit line
goes through the point Py and therefore its position is determined by its slope

lim m(h) = lim J(zo +h) = f(xo) = lim M_
h—0 h—0 h T—T0 T — Zg

We see that this limit exists and it is finite if and only if f is differentiable at zg. In this
case, the limit line is the graph of the linear approximation of f at xg.

Definition 7.5. Suppose I C R is an interval of the real axis and f : I — R is a function
differentiable at x¢. The tangent line to the graph of f at x( is the graph of the linearization
of f at xo. a

Remark 7.6. (a) The quantities
f(@) = f(zo)  flzo+h) — f(=o)

x—x9 h

are called difference quotients of f at xg. You should think of such a difference quotient as
measuring the average rate of change of the quantity f over the interval [xg, x].

In physics, the numerator f(z)— f(x) is denoted by A f while the denominator is denoted
Az. The symbol A is shorthand for ” variation in”. Thus

4 _ o A
dr  Anbo Az

From the equality

iy = 4
we deduce formally
df = f'(z)dz.

The expression f’(z)dz is called the differential of f and as the above equality suggests, it is
denoted by df.

(b) Often a function f : [a,b] — R has a physical meaning. For example, the interval [a, ]
can signify a stretch of highway between mile a and mile b and f(x) could be the temperature
at mile x and thus it is measured in °F'. The difference quotient

f(=) = f(20)

T — X0

has a different meaning. The numerator f(x) — f(xo) describes the change in temperature
from mile ¢ to mile x and it is again measured in °F', while the numerator x — x¢ is the
"distance” (could be negative) from mile zy to mile 2 and thus it is measured in miles.
We deduce that the quotient is measured in different units, degrees-per-mile, and should
be viewed as the average rate of change in temperature per mile. When x — xg we are
measuring the rate of change in temperature over shorter and shorter stretches of highway.
For this reason, the limit f’(x() is sometimes referred to as the infinitesimal rate of change.0
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The differentiability of a function at a point xy imposes restrictions on the behavior of
the function near that point. Our next elementary result describes one such restriction. Its
proof is left to you as an exercise.

Proposition 7.7. Suppose I is an interval of the real aris R and f : I — R is a function
that is differentiable at a point xqg € I. Then f is continuous at xq, i.e.,

lim f(z) = f(zo)- O

ISz—x0

Remark 7.8. The converse of the above result is not true. There exist continuous functions
f:10,1] = R which are nowhere differentiable. For example, the function

o0

Fi0] R fa) =3 S,
n=0

is continuous and nowhere differentiable. Its graph, depicted in Figure 7.2, may convince you
of the validity of this claim. The rigorous proof of this fact is rather ingenious and for details
and generalizations we refer to [6]. O

0.8 1
0.6
0.4+

0.2 A

0.2 0.4 0.

Figure 7.2. Weierstrass’s example of continuous, nowhere differentiable function.

Suppose that I C R is an interval and f : I — R is a differentiable function. We say
that f is twice differentiable if its derivative f’, viewed as a function f’ : I — R, is also
2

differentiable. The second derivative of f denoted by f” or %4

dz?
f// = d

/
7 ()
Recursively, for any natural number n > 1, we say that f is n-times differentiable if its
derivative is (n — 1)-times differentiable. The n-th derivative of f is the function ) : I — R
defined recursively as

is the derivative of f’

d

7(f(n—1) )

(n)
U dx
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Often we will use the alternate notation ZZ—Z to denote the n-th derivative of f.

Definition 7.9. Let I C R be an interval.

(i) We denote by C°(I) the set consisting of all the continuous functions f : I — R.

(ii) If n is a natural number, then we denote by C™(I) the space of functions f : I — R
which are
e n-times differentiable and
e the n-th derivative f(™ is a continuous function.
We will refer to the functions in C™(I) as C"-functions.

(iii) We denote by C°°(I) the space of functions I — R which are infinitely many times
differentiable. We will refer to such functions as smooth.

O

7.2. Fundamental examples

In this section we describe a very important collection of differentiable functions.

Example 7.10 (Constant functions). Suppose that f : R — R is the function which is
identically equal to a fixed real number ¢,

f(z)=¢, YxelR
Then f is differentiable and f/'(z) = 0, V2 € R. Indeed, for any 2o € R

flzo+h) — flzo
h

) _o, vh£0. 0

Example 7.11 (Monomials). Suppose that n € N and consider the monomial function
n:R—= R, uy(xz) =™ Then p, is differentiable on R and its derivative is

d
p(x) =na" b, Ve ]R<:>d—(:cn) =na" L. (7.6)
x
To prove this claim we investigate the difference quotients of u, at g € R. We have
pin (w0 + h) — pn(w0) = (0 + h)" — 2

(use Newton’s binomial formula (3.6))

=+ (ot (5 a2 e (0) 0 -
_ Y\ n-1 Y n—2 Y n—1
—h<<1>:r0 +<2>x0 h + +<n>h >,

;mm+2—mww:<>nl @%€%+m+cgm+
+

Now observe that
h) — pn(z0)

so that

(o

/
=1l
() = fim ©

h
() Qe s () (o
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For example
(%) = 2z, d(2?) = 2xdz. 0

Example 7.12 (Power functions). Fix a real number « and consider the power function
Fi(0,00) = R, fz) = 2.

Then f is differentiable and its derivative is

d
f'(z) = az®"t, Vo > 0<:>%(x°‘) = az* L, (7.7)

To prove this claim we investigate the difference quotients of f(x) at xy € (0,00). We have

(xo+h)* —zf = <$0(1—|—;O)>a—x8‘—x8‘ <(1+£J)a—1>,

h\“ h\®
f(930+h)—f($o):xa(1+%> —1:$a(1+zo) !
h 0 h 0 mo

]’L (6%
oz—l(l_'_%) -1
U A
zo

We set t := % and we observe that ¢t — 0 as h — 0 and

[@o+h) = f@0) _ (48" —1

h -0 t
Invoking the fundamental limit (5.21) we deduce
i D=1
t—0 t
o et o+ h) — f(a0)
. xo+ h)— f(xo a—
I'(z0) = }lllg(l) A = ax§h.
Note that if o = £, then f(z) = /z and we deduce
d 1 dx
— =—— d = —. .
VA = g dVa) = 5 (7.9
g
Example 7.13 (The exponential function). Consider the exponential function
fR=R, f(x)=¢€"
This function is differentiable and its derivative is
d
f'(z) = €*, Vo € Re=—(e") = ¢”. (7.9)

dx
To prove this claim we investigate the difference quotients of f at o € R. We have

Flao+ h) = Fzg) = 70 — ¢ — ezo(ch — 1),
f(zo+h) — f(xo) 420 eh —1

h h
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On the other hand, the fundamental limit (5.20) implies that

eh —1
li =1.
hlgtl) h
Henee Fwo +h) — F(zo)
. + — f(xg
'(x9) = lim 1200 — ™,
o) = iy ST =

These computations show that the exponential function is smooth, i.e., infinitely many times
differentiable and

d’n
dm—nex =e", d(e") =e"dx. (7.10)
O
Example 7.14 (The natural logarithm). Consider the natural logarithm
f:(0,00) = R, f(z)=Inz=Ilogxz.
Then f is differentiable and its derivative is
1 d 1 dx
/ _ = iy | == d = A1
f(z) = Vx>0<:>dx(n:c) o (Inz) . (7.11)
To prove this claim we investigate the difference quotients of f at xg > 0. We have
h
f(zo+h) — f(xo) =In(xg+h) —Inzg=1In <x0(1 + x)) —Inzg
0
=Inzg+ ln(l + ﬁ) —Inxy = ln(l + i),
x0 Zo
h h h
faoh) = fao) _ (1 E) m(4d)  m(i+ )
h B h B xoi - i) B '
xo xo
We set t = % and we conclude from above that
flmo+h)— f(zo) 1 In(l+1¢)
h oz t '
Note that t goes to zero when h — 0. We can now invoke (5.19) to conclude that
In(1
lim M - 1.
t—0 t
This proves
— 1
i d @0+ h) — flwo) _ 1 -
h—0 h o
Example 7.15 (Trigonometric functions). The trigonometric functions
sin,cos : R — R
are differentiable and
%(sin x) = cosz, %(COS x) = —sina. (7.12)

Fix o € R. We have

) . 5.33a) . . .
sin(zg + h) — sinzg (5.33a) sin xg cos h + cos xq sin A — sin xg

= sinzg (cosh - 1) + cosxgsinh = —2 sin2(h/2) sin xg + cos zg sin h.
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Hence
. h _ . . 2 h 2 . h
sin(zg + h) — sinxg — 9sinmg sin“(h/2) 1 cos g sin
h h h
2
. sin?(h/2) sin h h . sin(%) sinh
= —sInxg 5 + cos xg = ——SInxy A + cosxg———.
2 h 2 2 h
From the fundamental identity (5.27) we deduce that
int
lim " = 1
t—0 ¢
Hence
2
. h . sin(%) 0. 1 sin h
im —sinx = im cosxg—— = cosx
h—0 2 0 h " h—0 O"h 0
and thus
. sin(xo + h) —sinxg
lim = COS Xg.
h—0 h
The equality
cos(xo + h) — cos xg )
lim = —sinxg
h—0 h
is proved in a similar fashion and the details are left to you as an exercise. a

7.3. The basic rules of differential calculus

In the previous section we have computed the derivatives of a few important functions. In
this section we describe a few basic rules which will allow us to easily compute the derivatives

of almost any function.

Theorem 7.16 (Arithmetic rules of differentiation). Suppose that I C R is an interval, and

f,9: 1 — R are two functions differentiable at x¢. Then the following hold.
Addition. The sum f + g is differentiable at xo and

(f 4+ 9)(z0) = f'(w0) + ¢’ (x0).

Scalar multiplication. If c is a real number, then the function cf is differentiable at xq

and

(cf) (wo) = cf'(x0).

Product. The product f - g is differentiable at xo and its derivative is given by the product

rule or Leibniz rule

(f - 9) (o) = f'(z0)g(w0) + f(20)g (x0).
Quotient. If g(xg) # 0, then there exists § > 0 such that

Ve el |x—ax9| <= g(x)#0.

Set
Lps i ={ze€l; |z —ao <4}



150 Liviu I. Nicolaescu

The quotient g is a well defined function on I, s which is differentiable at xo and its derivative
at xg is determined by the quotient rule

<f)/ (o) = f'(0)g(wo) — f(20)g' (20)

g g(xo)?

Proof. Addition. We have
(f+9)(xo+h)—(f+9)(@o)  flzo+h)— flzo) +g(xo+h)—g(zo)

h h
_ f(@o+h) — fxo) . g(xo +h) — g(zo)
h h ’
Hence
lim (f +9)(zo+h) = (f +9)(x0) _ lim f(zo+h) — f(zo) T g(xo + h) — g(xo)

h—0 h h—0 h—0 h

= f'(z0) + g'(z0).
Scalar multiplication. We have

(cf)(wo+h) —(cf)(xo)  f(wo+h)— f(xo)

=C

h h

. (cf)@o+h)—(cf)(xo) _ . fl@oth)—f(zo) _ .,
) — — =clim ——— = =cf (@),

Product. We have
(f-9)(xo+h) = (f - 9)(x0) = fzo + h)g(zo + h) — f(z0)g(x0)

= f(xzo + h)g(xo + h) — f(xo)g(xo + h) + f(x0)g(xo + h) — f(x0)g(z0)
= (f(zo+h) — f(z0))g(zo + h) + f(z0)(g(zo + h) — g(z0)),

so that

so that

(f-9)(@o+h) = (f-9)(x0) _ (f(zo+h)— f(xo))g(xo +B) + fo) (g(xo+h) — g(ivo))'

h h h
Since g is differentiable at zq it is also continuous at xg by Proposition 7.7. Hence

li g0 -+ ) = gCan), Jim o) L0 PIZIEO) gy,

Since f is differentiable at xg we deduce

lim (f(zo+h) — f(xo))
h—0 h
Hence

(f(zo+h) — f(x0))
h

g(xo+h) = ]{lg(l) '}Lig?(l)g(fvo +h) = f'(x0)g(xo).

}lllg%) (f - 9)(zo + h}z — (f - g)(o) _ f’(xo)g(a?o) + f(xo)g’(xo)-

Quotient. The function g is differentiable at xg, thus continuous at this point. From
Theorem 6.11 we deduce that there exists § > 0 such that

Veel, |x—x9| <= g(x)#0.
For |h| < 6 such that xo + h € I we have

1 1 _ 1 1 g(zo) — g(wo+h)
(9) (zo+h) = <g) (0= S h)  glwo) ~ glao)glwo + 1)
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so that

G) (o +h) — (5) (o) g(a) — g(wo + h) 1

h h 9(xo)g(zo + h)

Hence

(Y gy B~

h—0 h
1

— /
_ iy 90) —g(zo+h) A )

h—0 h h—0 g(z0)g(xo + h) g(x)2’

To compute the derivative of g at xg we use the product rule. We have

e (o=
- f/(:co)g(io) + f (o) (;)/ (o)

. "(zo) _ f'(wo)g(zo) — f(z0)g'(x0)
g(wo) 9(x0)? 9(x0)?

Example 7.17. Let us see how the above rules work on some simple examples.
(a) Consider the polynomial function
p(z) =5—322+ 725 zcR.
From the scalar multiplication rule and the Examples 7.10, 7.11 we deduce that each of the
functions 5, —3z2 and 72° is differentiable and the addition rule implies that their sum is
differentiable as well. We deduce
P () = (5) + (—322) + (72°)’ = —6x + 35z™.
(b) From the equalities
%(sin x) = coszx, %(COS x) = —sinz

and the scalar multiplication rule we deduce that the trigonometric functions are smooth and
we have

d2 d2

57 Sine = —sinz, ——5 cosz = —cosz,
d* d*
——sinx =sinx —— COST = COST.
dz? T dat

(c) If a is a positive real number, then

Inx

log, * = —

Ina

and we deduce )
(log, ) (7.13)
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(d) If n is a natural number, then the function
1 _
f:R\ {0} - R, f(x)zw—n:x "
is differentiable by the quotient rule and we have

! n—1
(x_n)/ = i = —nx = — n = —nl’_n_l
T r2n pn+l ’

(e) From the quotient rule we deduce

d d (sinz cos? z + sin? z 1 9
—tany = — = = =1+tan”z.
dx dr \ cosx cos 2 cos? x
Thus
(tanz) =1+ tan’z = I (7.14)
(f) Using the product rule we deduce
d
d—(ez sinx) = e*sinz + e” cos x.
x

The above simple rules are unfortunately not powerful enough to allow us to compute
the derivative of simple functions such as eV®, 2 > 0 or v/2 + sinz. For this we need a more
powerful technology. a

Theorem 7.18 (Chain Rule). Let I,J be two nontrivial intervals of the real axis. Suppose
that we are given two functions v : I — R and f : J — R and a point xg € I with the
following properties.
(i) The range of the function w is contained in the interval J, i.e., u(I) C J.
(ii) The function u is differentiable at xy.
(iii) The function f is differentiable at uy := u(xg).
Then the composition
fou:I—=R, fou(x)=f(u(z))

18 differentiable at xy and

(f o) (x0) = f'(uo)u' (20).

Proof. Let us begin by giving a flawed proof. We have
flu(z)) = fluzo)) _ flu(x)) = flulzo)) = u(z) — u(xo)

x — T u(z) — u(zo) x — T

Since u is differentiable at xy we have

Thus
lim flu(z)) — fu(zo))  u(z) — u(zo)
S50 ulw) — u(zo) pr——
_ im f(u()) — f(u(zo)) ) m u(z) — u(zo)
N <u(:c)1—>u(xo) u(x) — u(iL'o) > (iﬂl—mo T — X0 )
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= f'(u(xo))u'(z0)
et voila, we’re done!

Unfortunately the above argument has one serious flaw. More precisely it is possible that
u(z) = u(zp) for infinitely many values of x close to z9. The quotient

f(u(z)) — f(ulzo)
u(z) — u(xo)
is ill-defined and thus the above argument is meaningless. Although problematic, the above

argument displays the strategy of the proof. We need a bit of technical contortionism to
avoid the problem of vanishing denominators. The details follow below.

Since f is differentiable at ug we deduce that it is linearly approximable at zg. From
(7.5) we deduce that

f(u) = f(uo) + f'(uo)(u —uo) +7(u), r(u)=o(u—muo) asu— up.
Recall that the equality
r(u) = o(u —ug) as u — ug
signifies that
lim (7.15)

u—uo U — UQ

In particular, we deduce that
fluz)) = f(ulwo)) = f(u(z)) = f(uo) = f'(uo) (u(z) — u(zo) ) + r(u(x))
f( u(:v)) — f(u(xo)) — F(uo) (u(x) — u(:co)) N r(u(x))

T — T T — T -0

Observe that if we prove that
lim r(u(@)) _ 0, (7.16)
T—Tro T — xo

then we deduce

T—T0 T — X T—T0 T — T
which is the claim of the theorem.
Why do we expect (7.16) to be true? We have r(u(x)) = o(u(z) — ug), ie., r(u(z)) is a
tiny fraction of u(z) — ug if u(x) is close to x. When z is close to zg, then u(z) is close to ug
so r(u(z)) is a tiny fraction of u(z) — up when z is close to zo.

On the other hand, when z is close to xy we have
u(z) —ug = u'(x0)(x — 20) + o(x — 20) = v/ (20)(x — 30) + tiny fraction of z — x

= (z — z0)(v/(x0) + tiny number).

Thus when z is close to xo the remainder r(u(x)) is a tiny fraction of (z—x¢) (v (x¢)+tiny number)

which in turn is obviously a tiny fraction of (x — xg). The precise proof is presented below.

To prove (7.16) it suffices to show that

VE>0 3d=d(r) > 0: \x—xo\<d(h):swgﬁ. (7.17)
T — x0
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The function u is differentiable at x¢ and it is linearizable at this point. Hence
u(z) —uo = v (z0)(z — x0) + p(x), p(z) = o(x —x0) as x — zo.
Since p(z) = o(x — o) as x — xo we deduce that there exists a small v > 0 such that
|z —zo| <v = |p(2)] < |& — zol.
Hence, for | — zg| < v we have
[u(z) = uo| = |u'(z0)(z — z0) + p(2)|
< [ (@o)llz — wo] + |p(@)] < (o (z0)| + 1)z — o,
If we set C := |u/(z0)| + 1 > 0, then we deduce

|z — z0] < v = |u(z) —ug| < Clz — xo]. (7.18)
Note that (7.15) implies that
Vh>0 Je(h) >0: |u—wug| <e(h)=|r(uw)| <hlu—ugl| (7.19)
Observe that (7.18) implies

h
|z — zo| < §(h) := min{v7 (h) } = |u(z) — uo| < Clz — zo| < e(h).
c
Using this in (7.19) we deduce that

(7.19) (7.18)
|z — zo| < 6(h) = |u(z) —wo| <e(h) =" |r(u(z))| < hlu(z) —ug| < Chlz — x9|.

We have thus proved that
VE>0 36(h) > 0: |z —wo| < 5(K) = M < Ch.
T —x0

If we set

d(h) = 6(h/C)

we obtain (7.17).

O

Remark 7.19. Since the chain rule is without a doubt the key rule in differential calculus it
is perhaps appropriate to pause and provide a bit of intuition behind it. The classical point
of view on this formula is in our view the most intuitive.

Before the modern concept of function (late 19th century) functions were regarded as
quantities that depend on other quantities. In the chain rule we deal with three quantities
denoted by x,u, f. The quantity u depends on the quantity x thus giving us the function
u = u(x). The quantity f depends on the quantity w thus giving us the function f = f(u).
Since u also depends on z, we deduce that through u as intermediary the function f also
depends on z, this giving us the composition f o w.

The derivative of f o u with respect to x measures the rate of change in the quantity f
per unit of change in z. The classics would denote this rate of change by % instead of the
2 dfou

dx
f per unit of change in u, The quantity Z—Z is defined in a similar fashion and the chain rule

takes the simpler form

more complete, but more cumbersome . The quantity % denotes the rate of change in

df df du
- 2.7 2
der du dx (7.20)

2The concept of composition of function was not clearly defined given that the concept of function was nebulous.
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A less rigorous but more intuitive way of phrasing the above equality is

change in f  change in f change in u

change in x  change in v change in =

O
Let us see the chain rule at work in some simple examples.
Example 7.20. (a) Consider the function
sinvx, x> 0.
It is the composition of the two functions
fu) =sinu, u(z)=+z.
Then /7
d . df du 1 cos\/x
7 Sin x—%-%—(cosu)-ﬁ— N
(b) Consider the function 2*. We have
9T _ (61n2):p — e(1n2):p'
It is the composition of two functions
fu) =e", u(zx)=(In2)z.
Then J & d
d—2z = an : d—u = ¢%(In2) = ™7 In2 = 27 In 2.
x u dz
More generally, if a is a positive real number then
d
d—ax =a"lna. (7.21)
x
Observe that for any A € R we have
diekx — )\ez\ac7
x
and we conclude inductively that
dn
d7n6>\a7 = )\neAm, Vn € N. (722)
x

(c¢) Consider now a trickier situation. Let f : (0,00) — R be given by f(x) = 2*. We want
to prove that f is differentiable and then compute its derivative. We set

g(x) =In f(z) =xlnz.
Clearly g is differentiable since it is the product of differentiable functions. From the equality
(@) = er®

we deduce that f is also differentiable because it is the composition of differentiable functions.
Using the chain rule we deduce

(@) = /g () = (a")g () = 2" (lna + 1).
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Theorem 7.21 (Inverse function rule). Suppose that I,J are two intervals of the real azis
and u : I — J is a bijective function satisfying the following properties.

(i) The function u is differentiable at the point xo € I.
(i) ' (z) # 0.

(iii) The inverse function u=!

is continuous at yo = u(xg).

Then the inverse function u™! is differentiable at yo = u(xo) and

—1y/ _ 1
(U ) (yO) - U/(l'o)‘

Proof. Since u is bijective we deduce that for any y € J, there exists a unique x = z(y) in
I such that u(z) = y. More precisely z(y) = u~!(y). Since u~! is continuous at yy we have

lim z(y) = x(yo) = xo-

Y—Yo
Then
u_l(y) — U_l(yo) _ X — Xo _ 1
Y=Y u(z) —u(zg)  w@)—ulzo)
xr—x0
so that
-1 -1
Yy=Yo Y — Yo zozo u(@)—ulzo) gl (xg)
T—x0

O

Example 7.22. The inverse function rule is a bit tricky to use. We discuss a few classical
examples.

(a) Consider the function
w: (—m/2,7/2) = (=1,1), u(z) =sinz.
This function is bijective, differentiable, and the derivative u'(x) = cosz is nowhere zero. Its
inverse is the continuous function
arcsin : (—1,1) = (—7/2,7/2).
We have
1 1

——arcsinuy = ——— = ——, u =sinz.
du u'(z) cosx

Observe that on the interval (—m/2,7/2) the function cosz is positive so that

COSSU:\/l—SiH233:\/1—U2.

Hence

d . 1
@ arcsimu = ﬁ, Vu S (—1, ].) (723)

A similar argument shows that

Yu € (—1,1). (7.24)

1
—— arccos 4 = —

du V1—u?’
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(b) Consider the bijective differentiable function
u:(—m/2,7/2) - R, u(x)=tanzx.
Its inverse is the function arctan : R — (—7/2,7/2). It is continuous and
- arctanu WD) (anz) u=tanz
Using the equality (tanz)’ = 1 + tan® 2 we deduce
¢ ! ! ¢ (7.25)
— arctanu = = , u=tanzx. .
du 1+tan?x 1+ u?
g

7.4. Fundamental properties of differentiable
functions

The first fundamental result concerning differentiable functions is Fermat’s Principle. Before

we formulate it we need to introduce a new concept.

Definition 7.23. Suppose that f: I — R is a function defined on an interval I C R.

(i) A point xo € I is said to be a local minimum of f if there exists § > 0 with the

following property

Veel, |x—x9| <= f(x) > f(xo).

The point z is called a strict local minimum if there exists 6 > 0 with the following

property
Veel, 0<|z—mxo <d= f(z)> f(xo).

(ii) A point z¢ € I is said to be a local mazimum of f if there exists § > 0 with the

following property

Veel, |x—x0| <= f(x) < f(xo).

The point z is called a strict local mazimum if there exists 6 > 0 with the following

property
Veel, 0<|z—uxz| <d= f(x)< f(xo).

(iii) A point xo € I is said to be a (strict) local extremum of f if it is either a (strict)

local minimum, or a (strict) local maximum.

O

Theorem 7.24 (Fermat’s Principle). Consider a function f : [a,b] — R which is differen-
tiable on the open interval (a,b). Suppose that xq is a local extremum of f situated in the
interior, zg € (a,b). Then f'(xo) = 0. In geometric terms, at an interior local extremum, the

tangent line to the graph has zero slope, i.e., it is horizontal.
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Figure 7.3. The points x1 and x3 are local minima, while the point x2 is a local maximum.
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y

fixp)

X+0

i

Figure 7.4. The point ¢ is an interior local minimum.

Proof. Assume for simplicity that z( is a local minimum; see Figure 7.4. Since g is in the
interior of the interval [a,b] we can find § > 0 such that

(xo — 6,20 +0) C (a,b) and f(zo) < f(x), Vz € (xg — 0,20+ 9).

We have
mh\,,naclo W - x/ xg X — T
Note that
f(@) = f(0)

Tr — X0

>0=

x € (xg,x0+6) = f(z) — f(xg) > 0Nz — 20 > 0=

i F@) = f(a0)

>0= f(x9) >0
R —— f (o)
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Similarly
x € (xg—0d,x0) = f(x) — f(xg) >0ANT —20 < 0= W <0=
— Zo
= i L@ =/ @0) <0= f'(z0) <0.
x 'z i )
This proves that f’(x¢) = 0. 0

Remark 7.25. The importance of Fermat’s Principle is difficult to overestimate. Locating
the local extrema of a function is a problem with a huge number of applications beyond
theoretical mathematics. Fermat’s Principle states that the local extrema of a differentiable
function f : [a,b] — R are very special points: they are either endpoints of the interval, or
points where the derivative of f vanishes.

This principle reduces the search of extrema to a set much much smaller than the interval
[a,b]. Instead of looking for the needle in a haystack, we’re looking for a needle hidden in
a small matchbox. There is a caveat: the matchbox could be locked and it may take some
ingenuity to unlock it. O

Definition 7.26. Suppose that f : I — R is a differentiable function defined on an interval
I C R. A point zg € I is called a critical point of f if f'(xg) = 0. O

We can thus rephrase Fermat’s Principle as saying that interior local extrema must be
critical points. We want to point out that not all critical points are necessarily local extrema.
For example the point zo = 0 of f(z) = 2%, z € R, is a critical point of f. However it is not
a local extremum because

f(z)> f(0) YV >0 A f(x) < f(0) Vx <O.
Fermat’s Principle has several fundamental consequences. We describe a few of them.

Theorem 7.27 (Rolle). Suppose that f : [a,b] — R is a continuous function that is also
differentiable on the open interval (a,b). If f(a) = f(b), then there exists & € (a,b) such that

f'(€) =0.
Proof. According to Weierstrass’ Theorem 6.14 there exist z.,2* € [a, b] such that

flzs) = inf f(z), f(a")= sup f(x). (7.26)

z€[a,b] z€[a,b]
We distinguish two cases.

1. f(zs) = f(z*). We deduce from (7.26) that f is the constant function f(x) = f(z.),
Vz € [a,b]. In particular f'(z) =0, Vz € (a,b), proving the claim in the theorem.

2. f(xzy) < f(z*). Thus z, and x* cannot simultaneously be endpoints of the interval [a, b]
because f(a) = f(b). Hence at least one of the points z, or z* is located in the interior of
the interval. Suppose for that z, is that point. Then x, is a local minimum of f located in
the interior of (a,b). Fermat’s Principle implies that f’(z.) = 0. 0
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Theorem 7.28 (Lagrange’s Mean Value Theorem). Suppose that f : [a,b] — R is a contin-
uous function that is also differentiable on the open interval (a,b). Then there exists a point

¢ € (a,b) such that

U ()

Geometrically this signifies that somewhere on the graph of f there exists a point so that the
tangent to the graph at that point is parallel to the line connecting the endpoints of the graph
of f; see Figure 7.5.

y=f(x)

il /

Figure 7.5. The geometric interpretation of Theorem 7.28.

Proof. We set

_ f(b) = f(a)
b—a
(

m:=
The line passing through the points A = (a, f(a)) and B = (b, f(b)) has slope m and is the
graph of the linear function

L(z) = m(z — a) + f(a).

Observe that

L(a) = f(a), L(b) = f(b), L'(z) =m, Va.
Define

9:[a,0] = R, g(z) = f(z) = L(z).

Note that g is continuous on [a, b] and differentiable on (a,b). Moreover

g(a) = f(a) = L(a) = 0 = f(b) = L(b) = g(b)-
Rolle’s theorem implies that there exists & € (a, b) such that

0=4g'(&) = (&) = L'(§) = f'(§) —m = f'(§) =m.
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Remark 7.29. In the Mean Value Theorem the requirement that f be continuous on the
closed interval [a,b] is essential and does not follow from the requirement that f be differ-
entiable on the open interval (a,b).

In the theorem we have tacitly assumed that a < b. The result continues to be true even

when a > b because
F0)~ Ja) _ fla) ~ F()

b—a a—b
In this case £ is a point in the open interval with endpoints a and b. O

Corollary 7.30. Suppose that f : [a,b] — R is a continuous function that is also differen-
tiable on the open interval (a,b). Then the following statements are equivalent.

(i) The function f is constant.

(i) f'(z) =0, Yz € (a,b).

Proof. The implication (i) = (ii) is immediate since the derivative of a constant function is
0.

To prove the implication (ii) = (i) we argue by contradiction. Suppose that there exist
xo, 1 € |a,b], such that g < z; and f(xo) # f(z1). The Mean Value Theorem implies that
there exists £ € (zg, z1) such that

f/(f) _ f(z1) — f(20)

1 — X

£ 0.
a

Corollary 7.31. Suppose that f : [a,b] — R is a continuous function that is differentiable
n (a,b). If f'(z) # 0 for any (a,b), then f is injective.

Proof. If zg,z1 € [a,b] and z¢ # =1, say ¢ < 1, then the Mean Value Theorem implies
that there exists £ € (xg,x1) such that

f(@1) = fzo) = f/(§) (21 — w0) # 0.
This proves the injectivity of f. a
Corollary 7.32. Suppose that f : [a,b] — R is a continuous function that is differentiable
on (a,b). Then the following statements are equivalent.
(i) The function f is nondecreasing.
(ii) f'(z) >0, Vx € (a,b).
Also, the following statements are equivalent.

(iii) The function f is nonincreasing.
(iv) f'(x) <0, Vx € (a,b).

Proof. (i) = (ii). Let 2o € (a,b). Then for h > 0 we have f(zg + h) — f(zo) > 0 so that

f(l‘o-Fhf)L—f(ﬂCo) 2O:>f’(:z0):}lli\‘néf(x0+h2_f($0)

> 0.




162 Liviu I. Nicolaescu

(ii) = (i). Suppose that zg,z1 € [a,b] are such that o < ;. The Mean Value Theorem
implies that there exists £ € (xg,x1) such that

ey L) = ()

xr1 — o

= f(x1) — f(z0) = f'(€)(x1 — x0) > 0.

Remark 7.33. If in the above result we replace (ii) with the stronger condition
() >0, Vz € (a,b),

then we obtain a stronger conclusion namely that f is (strictly) increasing. This follows by
coupling Corollary 7.32 with Corollary 7.31. O

Example 7.34. (a) We want to prove that
e >z+1, VeeR. (7.27)

To this aim consider the function f : R — R, f(z) = e —(x+1). This function is differentiable
and f'(xz) =" — 1.

We see that the derivative is positive on (0,00) and negative on (—o0,0). Hence f is
increasing on (0, 00) and thus f(z) > f(0) =0, Vo > 0 and f(x) > 0, Va € (—00,0). In other
words,

e* —(x+1) >0, Vz eR,
which is (7.27).
(b) We want to prove that
x >sinz, VY >0. (7.28)
Consider the function f: [0,00) = R, f(z) = # —sinx. This function is differentiable and
f'(x) =1—cosz >0, Vz > 0.
Hence f is nondecreasing and thus

x —sinzx = f(z) > f(0) =0, Vz >0.

(c) We want to prove that
2

cosx >1— %, Vz € R. (7.29)

Consider the function
2
f:R—=R, cosz— (1—%), Vz € R.

We have to prove that f(x) > 0, V& € R. We observe that f is an even function, i.e.,
f(=z) = f(x), Vz € R so it suffices to show that f(z) > 0, V& > 0. Note that f is
differentiable and
(7.28)
f'(z) = —sinz+z > 0 Va>0.
Thus f is nondecreasing on the interval [0, c0) and we conclude that f(z) > f(0) =0, Yz > 0.

O




Introduction to Real Analysis 163

Example 7.35 (Young’s inequality). Suppose that p € (1,00). Define g € (1, 00) by %-{-% =1,i.e., g = -£-. Consider

p—1"
f:(0,00) > R

1
f@y=2—-az+a-1, a:=—-.
p

We want to prove that f(z) <0, Vz > 0. We have

fl@)=az* ' —a=a@E@* 1 -1)=a (mll—a - 1) .

Observe that f/(z) = 0 if and only if z = 1. Moreover f/(z) < 0 for z > 1 and f/(z) > 0 for z < 1 because
l—-a=1- % > 0. Thus the function f increases on (0,1) and decreases on (1,00) so that

0= f(1) > f(z) Yz > 0.
Thus
o 1
9 —ar<l—a=1—->0=—.
q

If we choose a,b > 0 and we set z = § we deduce

1 1.1 1
OHGRLET SO

1.1
Multiplying both sides by b = b7 T4 we deduce

Q=

1 b
arbes < — 4+ —, Va,b>0. (7.30)
q

iSERS!

1 1
If we set u :=aP, v:=ba then we can rewrite the above inequality in the commonly encountered form
uP  ve 1 1
w< — 4+ —, Yu,v>0, pg>1, —+-=1. (7.31)
p q P q

The last inequality is known as Young’s inequality. [}

Corollary 7.36. Suppose that f : [a,b] — R is a continuous function that is twice differen-
tiable on (a,b). Let xo € (a,b) be a critical point of f, i.e., f'(xo) = 0. Then the following
hold.

(i) If f"(xo) > 0, then xq is a strict local minimum of f.

(ii) If f"(xg) <0, then xg is a strict local mazimum of f.

Proof. We prove only (i). Part (ii) follows by applying (i) to the new function — f. Suppose
that

f(@0) =0, f"(xz0) > 0.
We have to prove that there exists § > 0 such that
0<|x—x0| <d= f(x) > f(z0)-

We have ) ) ,
L) ) )
xN\xo T — TQ T\ T0 xr — X
Thus there exists d; > 0 such that,

= f”(aio) > 0.

x € (xo,zo + 01 >0= f'(z) >0.

!/
@)
r — X
The Mean Value Theorem implies that for any = € (zo,xo + d1) there exists £ € (zg,x) such

that
f(@) = f(wo) = f'(€)(x — x0).
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Since £ € (g, o + 01) we have f'(£) > 0 and thus f'(&)(z — zg) > 0.
Similarly

/ / ot
L f@) )~ )

x,/‘x0 T — X x fro T — X
Thus there exists do > 0 such that,

= f”({Eo) > 0.

f'(x)

Tr — X

x € (zg — 92, 0) = >0— f'(z) <0.

Hence if x € (x9—0d2, zo), then the Mean Value Theorem implies that there exists n € (x, zo) C (xo—0d2, zo)
such that

f(x) — f(zo) = f'(n)(z — x0) > 0.
If we let § := min(dy, d2), then we deduce
0 <z —mo| <= f(x)> f(xo).
O

Example 7.37. Here is a simple application of the above corollary. Fix a positive number
a. Consider the function
f:0,a) =R, f(z)=x(a—2)>
We want to find the maximum possible value of this function. It is achieved either at one of
the end points 0,a or at some interior point xg. Note that f(0) = f(a) = 0 and f(z) > 0,
Vz € [0, a], so there must exist an interior maximum which must be a critical point. To find
the critical points of f we need to solve the equation f’(x) = 0. We have
fl(x) = (a—2)* = 2z(a — ) = 2* — 2ax + a® — 2az + 22% = 32% — dax + o>
The discriminant of the quadratic equation 322 — 4ax + a® = 0 is
A =16a® — 12a* = 4a®> > 0
Thus this quadratic equation has two roots

4a + 2a
T4 = 5

Only one of these roots is in the interval (0, a), namely §. Note that

f"(z) = 6x —4a, f"(a/3)=2a—4a<0.

:a’

wl e

Thus a/3 is the unique maximum point of f, and thus it is absolute maximum point. We

have
3

f(e) < flaf3) =

Theorem 7.38 (Cauchy’s finite increment theorem). Suppose that f,g : [a,b] — R are two
continuous functions that are differentiable on (a,b). Then there exists & € (a,b) such that

F€)(9(0) —gla)) =g'(€)(f(b) - f(a)). (7.32)
In particular, if g'(t) # 0 for any t € (a,b), then g(b) # g(a) and

f®) = fla) _ (&)
g(b) —gla) g€

, Yz €[0,al. 0

(7.33)
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Proof. Consider the function F : [a,b] — R defined by
F(z) = f(z) (9(b) — g(a)) —g(2) (f(b) — f(a)), Vx € [a,b].
=:Ay =:Ay
This function is continuous on [a, b] and differentiable on (a,b). Moreover
F(b) = F(a) = (f(b)Ag — g(0)Af ) — (f(a)Ag — g(a)Af)

= (f(b) = f(a) ) Ag + (g(a) — g(b) ) Ay =0.
Rolle’s theorem implies that there exists £ € (a,b) such that F’(§) = 0. This proves (7.32).
To obtain (7.33) we observe that the assumption ¢'(t) # 0 for any ¢ € (a,b) implies that g is
injective and thus g(b) # g(a). Dividing both sides of (7.32) by g(b) — g(a) we deduce (7.33).
O

Remark 7.39. In the above theorem we have tacitly assumed that a < b. The result
continues to be true even when a > b because

f(0) = fla) _ fla) = f(b)
g9(b) —g(a)  g(a) —g(b)

In this case £ is a point in the open interval with endpoints a and b. O

If f: I — R is a function differentiable on the interval I, then its derivative f': I — R
need not be continuous. However, the derivative is very close to being continuous in the sense
that it satisfies the intermediate value property, just like continuous functions do.

Theorem 7.40 (Darboux). Suppose that I is an interval of the real axis and f : I — R
is a differentiable function. Then the derivative f' satisfies the intermediate value property:
given a,b € I, a < b, and a number ~y strictly between f'(a) and f'(b), there exists a number
¢ € (a,b) such that f'(§) = . 0

Exercise 7.25 will guide you toward a proof of this theorem which is also a consequence
of Fermat’s principle.
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7.5. Table of derivatives

Table 7.1 summarizes the derivatives of the most frequently encountered functions.

f(x) /(=)
2", (r € R, n €N) na" !
™" (z #0,n eN) —nx "1
%, (e e R, z>0) ar®1
Ve, (x> 0) ﬁ
Inz 1/x
e’, (r € R) e’
a*, (a >0,z €R) a®lna
sinz, (r € R) cos T
cosz, (r € R) —sinz

tanz, (cosz # 0)

arcsinz, z € (—1,1) -~
1
arccosx, x € (—1,1) — e
arctanz, (r € R) 71+112
sinhz, (z € R) cosh
coshz, (x € R) sinh z

Table 7.1. Table of derivatives.

The hyperbolic functions sinh z and cosh x are defined by the equalities
T —x r _ -z
coshzx := %, sinhx:%.

The function sinh is called the hyperbolic sine while the function cosh is called the hyperbolic

cosine.
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7.6. Exercises
Exercise 7.1. Consider the function f: R — R, f(z) = |z|.

(i) Sketch the graph of f.
(ii) Show that f is not differentiable at 0.
(iii) Show that f is differentiable at any point xg # 0 and then compute the derivative

of f at xg.

g
Exercise 7.2. Prove Proposition 7.7. O
Exercise 7.3. Imitate the strategy in Example 7.15 to prove

cos(zg + h) — cos g .
= —sinx.
h—0 h

Hint. You need to use the trigonometric identities (5.33a) and (5.33c¢). 0

Exercise 7.4. 3 Fix a natural number n and real numbers p, q.
(a) Prove that for any ¢t € R we have

P n\ ko b one
n(n — 1)p*(tp + ¢)" 2 k(k—1) (k)tk 2phgnh.
k=2

Hint. Consider the function
o R=R, fult) = (tp+q)"

Compute the derivatives f](t), f//(t). Then describe f,(t) using Newton’s binomial formula
and compute the same derivatives using the new description of f, ().

b) For any integer k, 0 < k < n, and any x € R set wi(z) := (7)2*(1 — 2)"*. Use part (a
k
to prove that for any x € R

1= wy(x) (7.34a)
k=0

nw =Y kwg(z), (7.34b)
=0
n(n—12% =Y k(k—1Dwy(z) = Z k*wy () — na, (7.34c)
k=0 k=0
na(l—z) =Y (k- nz)’wy(z). (7.34d)
k=0
Hint. Use the results in (a) in the special case p =z, ¢ =1 — . O

3The results in this exercise are very useful in probability theory.
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Exercise 7.5. Suppose that the functions f,g: I — R are n-times differentiable. Prove that
their product f - g is also n-times differentiable and satisfies the generalized product rule

da" " (n _ " (n e
L= <k) FRgh 3 (k) 0 gnk) (7.35)
k=0 k=0
where we defined f(© := f, ¢(0 = ¢.

Hint. Argue by induction on n. At some proof you need to use the Pascal formula (3.7),

n+1\ (n n n
E ) \k k—1)’
also used in the proof of Newton’s binomial formula (3.6). O

Exercise 7.6. Let n be a natural number. A real number r is said to be a root of order n
of a polynomial P(z) if there exists a polynomial Q(x) with the following properties:

e P(z)=(x—1r)"Q(x), Vx € R.

. Q) £0.
(a) Prove that if n > 1 and r is a a root of P(z) of order n, then r is also a root of order
(n—1) of P'(x).
(b) Prove that for any natural numbers k < n the real numbers +1 are roots of order (n — k)
of the polynomial

k
%( 2™
(c) For any natural number n we define the n-th Legendre polynomial to be
P, (z) := ! ﬂ(:U2 - 1"
2nn! da™
Use (7.35) to compute P, (%1). O

Exercise 7.7. Consider the continuous function f : [0,00) — R, f(z) = \/z. Show that f is
not differentiable at 0. O

Exercise 7.8. Consider the function f : R — R given by

flz) = {0’ ol = 1 where T'(x) = Vx| < 1.

e~ T(@) lz| < 1, 1— 22’

(a) Set

n
Prove by induction that for any n € N there exists a polynomial P, (z) and a natural number
k,, such that

F,(x):

Fp(x) = Py(2)T(2)e 7@ vz < 1.
Hint. Observe that
T'(x) = 22T (z)%

(b) Prove that f is a smooth function, i.e., infinitely many times differentiable.
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Hint. Prove by induction that
F,(x), |x|<1.

For the inductive step observe that for |x| < 1 we have
1
z—1

= —(z+ DT (),

SO S0)_ Ble) o 170 Fofa) = (0 + DPaa) Tl T,

inff = (z — V)T (2)Fp(2) = —(z — 1) Py (2)T () Tle @),

Then

f @) — ) L Far) : knt1,~T(2)
:}:lfml rz—1 B :}:lfml r—1 <£1/‘ml(x + l)Pn(x)) (alzl/‘ml T(@) c >

— _2Pn(1) (i% T(x)kn+1efT(l“) ) .

Now observe that

lim T'(z) = oo.
z/1
Use the result in Exercise 5.11 (b) to deduce

lim T'(z)" e~ 7@ = 0.
z 1

O

Exercise 7.9. Consider the function f : (—7/2,7/2) — R, f(z) = tanx. Write the equation
of the tangent line to the graph of f at the point (7 /4, f(7w/4)) 0

Exercise 7.10. Find the points extrema and the intervals on which the following functions
are increasing.

(i) f(z) =vx—2vz+2,2>0.
(i) g(z) = g, v € R
O

Exercise 7.11. Suppose that f : [a,b] — R is continuous and differentiable on (a,b). Show
that if
lim f'(z) = A,

r—a

then f is differentiable at a and f'(a) = A. 0

Exercise 7.12. Prove that if f: I — R is a differentiable function defined on an interval I,
and the derivative f’ is bounded on I, then f is a Lipschitz function, i.e.,

L >0, Vo,y el |f(x) - f(y)l < Lz —yl. O
Exercise 7.13. Use the Mean Value Theorem to prove that
|sin(z) —sin(y)| < |z —y|, Vz,y € R. 0
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Exercise 7.14. Fix a real number A and suppose that v : R — R is a differentiable function
satisfying the differential equation
u'(t) = Au(t), VteR.
Prove that there exists a constant ¢ € R such that u(t) = ce, Vt € R.
Hint: Show that the function f(t) = e Mu(t), t € R is constant. 0

Exercise 7.15. Suppose that b, ¢ are real numbers and u,v : R — R are twice differentiable
functions satisfying the differential equation
W (t) + 0! (t) + cu(t) = 0=2"(t) + bV'(t) + cv(t), VteR.
Define the wronskian to be the function
W(t) =u(t)v'(t) —u'(t)v(t), t€R.

Prove that

W'(t) + bW (t) =
and deduce that

W (t) = W(0)e .

Hint. You may want to use Exercise 7.14. g

Exercise 7.16. (a) Suppose that u : R — R is a twice differentiable function satisfying the
differential equation
u’(t) +u(t) =0, Vt eR. (7.36)
Prove that
u (1) + u(t)? = u'(0)? +u(0)?, VteR.
(b) Suppose that u,v : R — R are twice differentiable functions satisfying the differential
equation (7.36), i.e
u’(t) +u(t) =0=2"(t) +v(t), VteR.
Show that the difference w(t) = u(t) — v(t) also satisfies the differential equation (7.36). Use
part (a) to prove that if u(0) = v(0) and «'(0) = v/(0), then u(t) = v(t), Vt € R.

(c) Can you think of a function u : R — R satisfying (7.36) and the initial conditions
u(0) =0, u/'(0) =17 0
Exercise 7.17. (a) Prove that for any real number a@ > 1 and any > —1 we have
(1+2)*>1+ ax.

(b) Prove by induction that for any natural number n and any = > 0 we have

.CC2 n
l+o4+ o+ 4+ —<e".

2! n!
Hint. Have a look at Example 7.34. g

Exercise 7.18. Prove that X

. x
sma:Z:E—g, Vo > 0.

Hint. Have a look at Example 7.34. O
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Exercise 7.19. Prove that for any x > 0 we have
1
In(z+1)—Inz < —.
T
Conclude that

1+%—|—--'+%>ln(n—|—1), Vn € N. O
Exercise 7.20. Fix a real number s € (0,1). Prove that for any = > 0 we have
(1+z)7%—2l7% < %
Conclude that . ) )
1+§+~'-+E>1_8((n+1)1_5—1). 0

Exercise 7.21. Find the maximum possible volume of an open rectangular box that can be
obtained from a square sheet of cardboard with a 6 ft side by cutting squares at each of the
corners and bending up the ends of the resulting cross-like figure; see Figure 7.6. O

Figure 7.6. Cutting out a box.

Exercise 7.22. Prove that among all the rectangles with given perimeter P the square has
the largest area. O

Exercise 7.23. Suppose that f:[—1,1] — R is a differentiable function.

(a) Prove that if f iseven, i.e., f(z) = f(—xz),Vz € [-1,1], then f/(x)isodd, f'(—x) = —f'(x),
Va € [—1,1]. In particular, f'(0) = 0.
(b) Prove that if f is odd, then f’ is even. 0
Exercise 7.24. Fix a natural number n and suppose that f : (a,b) — R is a 2n-times
differentiable function. Prove the following statements.
(a) If zp € (a,b) satisfies

f'(wo) = = f&"D(wo) =0, fE"(29) >0,
then zq is a strict local minimum of f.
(a) If 29 € (a,b) satisfies

fl(wo) =+ = fP V(wg) =0, f*(wo) <0,
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then xq is a strict local maximum of f.

Hint. Use proof of Corollary 7.36 as inspiration and prove (in case (a)) that there exists § > 0
such that for x € (20,20 + 0) we have f®)(z) >0Vk =1,...,2n — 1 and for = € (xg — 6, ¢)
we have f) () < 0,Vk=1,...,2n — 1. 0

Exercise 7.25 (Intermediate value property of derivatives). Suppose that f : [a,b] — R is a
differentiable function.

(a) Prove that if f'(a) < 0 < f’(b), then there exists £ € (a,b) such that f'(£) = 0.

Hint. Prove that the global minimum of f whose existence is guaranteed by Corollary 6.16
is located in the interior of the interval [a, b].

(b) More generally, prove that if f'(a) < f'(b) and m € (f'(a), f'(b)), then there exists
¢ € (a,b) such that /(&) =m.

Hint. Use part (a) for the new function g(z) = f(z) — mx. 0

7.7. Exercises for extra-credit
Exercise®* 7.1. Suppose f, : [a,b] - R, n € N, is a sequence of differentiable functions
functions with the following properties.

(i) The sequence of derivatives f : [a,b] — R converge that converges uniformly to a
function g : [a,b] — R.

(ii) The sequence f, : [a,b] — R converges pointwisely to a function f : [a,b] — R.
Prove that the following hold.
(a) The sequence f, : [a,b] — R converges uniformly to f : [a,b] — R.

(b) The function f is differentiable and f’ = g, i.e., the sequence f, : [a,b] — R converges
uniformly to f’.

Hint. Use Exercise 6.14 and the Mean Value Theorem. O

Exercise* 7.2. Suppose that f: R — R is a continuous function such that

. flx+2h) — f(x+h)
h{% h

=0, Vx e R.

Prove that f is a constant function.

Hint. Argue by contradiction and assume there exist a,b such that f(a) # f(b), say
f(a) < f(b). Consider the function g(x) = f(x) —mz, m := w. Note that g(a) = g(b)

and
g(x +2h) — gz + h)

lim =—-—m <0,
h\0 h
and prove that g admits a local maximum in [a, b). O

Exercise* 7.3. Suppose f : R — R is a C?-function, i.e., twice differentiable and the second
derivative is continuous. Show that if the functions f and f(®) are bounded on R, then so is
the function f’. 0
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Exercise* 7.4 (Bernstein). Let f : [0,1] — R be a continuous function
denote by Bl () the n-th Bernstein polynomial determined by f,

By(z) = kznjof(k:/n) (Z)xk(l — )k,

(a) Show that for any x € [0, 1] we have

n

) = Bl = Y- ()~ fli/m) ()4 = "

k=0
(b) Show that for any ¢ € (0,1) and x € [0, 1] we have

n k—nx)?  z(1-—=x

|k/n—x|>8 k=0

. For any n € N we

(c) Use (a) and (b) to prove that as n — oo the sequence (B,{ (z)) converges to f(z) uniformly

inz €[0,1].

Hint. Use the equalities in Exercise 7.4.

O






Chapter 8

Applications of
differential calculus

8.1. Taylor approximations

The concept of derivative is based on the idea of approximation. Thus, if f : I — R is a
differentiable function and zg € I, then the linearization of f at xg,

L(z) = f(xo) + f'(z0)(z — o),
is a good approximation for f(z) when z is not too far from xy. More precisely, the error
r(z) = f(z) — L(z)

is o(x — xp), much much smaller than |z — x|, which itself is small when z is close to xy. In
this section we want to refine and improve this observation.

Definition 8.1. Suppose that f : I — R is an n-times differentiable function defined on an
interval I. For xg € I we define the degree n Taylor polynomial of f at x¢ to be

g () (4 n )y
L) = £Go0) + 20 o gy o T gy - 3 L0 gy
k=0

Often the Taylor polynomial of f at xg = 0 is referred to as the MacLaurin polynomial.
If f: 1 — Ris a smooth function, then the series

0 (k) (4
> ! k;(l O)(x —0)*
k=0 ’

is called the Taylor series of the smooth function f at the point xg. O

Example 8.2. (a) Consider a differentiable function f : I — R. Then the degree 1 Taylor
polynomial of f at xq is

Ti(x) = f(zo) + f'(zo)(x — o).

Thus, T7(z) is the linearization of f at z.

175
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(b) Consider the function f : R — R, f(z) = ¢®. We know that f(z) =¢*, Vn e N, z € R
and we deduce that
f®0)=1, VkeN.

In particular, the degree n Taylor polynomial of e* at zg =0 is
n

Xz X
To(@) =14 5+ + .

The Taylor series of e* at xg = 0 is

D
k=0
(c) Consider the function f: R — R, f(x) = sinz. We have
f(4k)(:v) =sinz, f(4k+1)(x) = cosu, f(4k+2)(ac) = —sinx, f(4k+3)(;1:) = —cosz, Vk>0,

FU0) =0, fHH0) =1, fH(0) =0, FUH(0) = -1.
We deduce that the Taylor polynomials of sinx at zg = 0 are

1) = (0) +

1) f0) 5

x =,

F10) "0 o 20 z’
T3(x) = f(0) + T x+ 51 z? + o x3:a:—€,
R 1
Tn(a:):x—a—i-a—ﬁ—i--”
The Taylor series of sinz at g = 0 is
o0 2k+1
>V
— (2k + 1)!
(d) Consider the function f: R — R, f(z) = cosz. We have
FA) () = cosz, fHHD(z) = —sinz, fHFD(2) = —cosz, fHFI(z) =sinz, Vk>0

F0) =1, fUED©) =0, fUHR(0) = —1, A (0) = 0.

We deduce that the Taylor polynomials of cosx at g = 0 are

T1($):f(0)+f/1(!0)m:1’
T2<x>=f<0)+’wf?)x+"u;(f))$2=1—j
Le) — 104 f'1<!o>$ . f’;(!o)xz . f<5’;!(0)x3 _ _ﬂj,
Tn(x)=1—§+‘j—z?+m

The Taylor series of cosx at xg =0 is
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(e) Fix a real number a and define f : (0,00) — R, f(z) = z*. We have
(@) =az®, fO@)=ala—1)2°2, fPa)=ala—1)-(a—(k—1))z"""
We deduce that
FR) =ala—1)-(a—(k—1))
and thus the degree n Taylor polynomial of ¢ at zg =1 is
Tn(x):1+f!(x_1)+a(a2!—1) a(a—l)---fﬂa—(n—l))

The coefficients of the above polynomial coincide with the binomial coefficients if « is a
natural number. For this reason, for any a € R we introduce the notation

<a> . <:> _alo=b)o-(n-1) o

0 n!

(o= 124+ (&~ 1"

The degree n Taylor polynomial of x® at zog = 1 can then be described in the more compact

form
OESY (Z) (z —1)**, 0

k=0

Remark 8.3. The degree n Taylor polynomial of a function f at a point zg is the unique
polynomial of degree < n such that

Tn(zo) = f(z0), Th(wo) = f'(z0), T (x0) = fF(x0), VE=1,...,n.

Exercise 8.1 asks you to prove this fact. O

Example 8.2 shows that the degree 1 Taylor polynomial of a differentiable function at a
point xg is the linear approximation of f at xgp, and we know that it provides a very good
approximation for f(z) if = is near xy. The next result states that the same is true for the
higher degree Taylor polynomials.

Theorem 8.4 (Taylor approximation). Suppose that f : [a,b] — R is (n+ 1)-times differen-
tiable, n € N. Fiz x¢ € [a,b]. We form the degree n Taylor polynomial of f at x

"1 () (g
f(1!0)($—xo)+~~-+w($_$0)n

n!
and we consider the remainder (or error)

Ry, (zg,z) = f(z) — Tn(z), z € [a,b].

Tn(z) = f(x0) +

Fiz x € [a,b], © # o, and a continuous function ¢ : [xo,z] — R which is differentiable on
(xo,2) and ¢'(t) # 0, Vt € (xo,2). (Here we are deliberately a bit negligent and we think of
[0, 2] as the closed interval with endpoints xq,xz, even in the case xy > x.)

Then there exists £ in the open interval with endpoints xo and x such that

Roan.a) = ZOEL) 10 ) - g, (s.1)
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Proof. Consider the function F' : [xg,z] — R given by

1) AR

1! n!

F(t):f(a:)—<f(t)+ (x—t)+---+ (x—t)"), vt € [xo, z].

Note that F(z) = 0, F(x¢) = Rp(xo,z). From the Cauchy mean value theorem (7.33) (and
Remark 7.39) we deduce that there exists £ in the interval (xg,x) such that

F(z) — F(x) _ F'(§)
p(x) —p(zo)  ¢'(€)

Now observe that

1" / (3) (2)
—F'(t)=f'(t) + (f(t)(x —t) — f(t)> + (f ®) (z —t)* - A0 (x — t))

1! 1! 2! 1!
FrD () . f@) .
+~--—|—<n!(:n—t) —(n_l)!(m—t) 1>
(n+1)
= fn'(t)(x _ t)".
Thus
 Ru(wos) _ F@)—Flag) _F'(€) _ oD@ —g)
o(x) —p(xo)  w(x) —elzo)  ¢'(8) nly/'(€)

The last equality clearly implies (8.1). O

If we let p(t) = (z —t)"*! in the above theorem, we obtain the following important
consequence.

Corollary 8.5 (Lagrange remainder formula). There exists £ € (xg, ) such that

1
(n+1)!

f(@) = Ta(x) = Ru(2o,7) = FODE) (@ = wo)" . (8.2)

Proof. We have p(x) = 0 and ¢(z) — p(z9) = —(z — 20)"T!, @' (§) = —(n+ 1)(z — &)™ O

Remark 8.6. Let us explain how this works in applications. Suppose that f : [a,b] — R is
(n + 1)-times differentiable and zg € [a, b]. The degree n Taylor polynomial of f at zg is

f' (o) £ (x)

To(z) = f(x0) + (x —x0) + -+ ol ( — x0)"

1!
It is convenient to introduce the notation h = ¢ — xg so that + = o + h and we deduce
e (n) T
Tn(zo + h) = f(zo) + f (1,0)h+-~+ ! n(, 0) .

If h is sufficiently small, then 7T}, (zo + h) is an approximation for f(z¢+ h). The error of this
approximation is given by the remainder R,,(xo,x) = f(xo+h)—Tn(zo+ h). This remainder
really depends only on the difference h = z — ¢ and, to emphasize this fact, we will write
R, (o, h) instead of R, (xo, ) in the argument below. Also, for simplicity, we will denote by
(zo, 0 + h) the open interval with endpoints z¢ and xg + h. (Note that zo + h < xo when
h <0.)
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The Lagrange remainder formula tells us that there exists £ € (xg, zo + h)
1

Rulwo.h) = g/ V@R,
If we define
Mygi(wo,h) == sup  |f"T(g)],
&€lxo,xo+h]
then we deduce )
| Ruzo, by | < Mot @0 WA (8.3)

- (n+1)!
If the right-hand-side of the above inequality is small, then the error has to be small. The
above result implies that

| f(z) — Th(z) | :O(|x—x0|"+1) as r — xo,, (8.4)
where O is Landau’s symbol defined in (5.34). 0

Example 8.7. Let us show how the above remark works in a rather concrete case. Suppose
f(z) = sinz. We use Taylor approximations of sinz at g = 0. For example, the degree 4
Taylor polynomial of sinz at g = 0 is

o cos(0) sin(0) , 5 cos(0),5  sin(0),4 h h3
We have
h3
inh~h——.
sin G

To estimate the error of this approximation we use (8.2). The 5th derivative of sinx is cosx
so that |cos&| < 1, Vo € R. We deduce from (8.2) that for some £ between 0 and x we have

. h? [cosé], 5 _ |h>  |h[°
sinh (h 6 )’ s S 5T 10

If for example |h| < 1, then
|n|? 1 1 1

< = .
120 = 32.120 3840 ~ 10°
Thus for |h| < % the expression h — %3 approximates sin h up to two decimals. For example
0.5 — (0.5)3/6 = 0.47916... = sin 0.5 = 0.47...
If h = %, then
[ S N U §
120 4°-120  1024-120 122880 ~ 10°’
and 0.25 — (0.25)3/6 computes sin(0.25) up to four decimals. Thus
0.25 — (0.25)3/6 = 0.248666... = sin(0.25) = 0.2486....

In Figure 8.1 we have depicted side-by-side the graph of sin(x) for |z| < 10 and the graph
of Ty (z), its degree 7 Taylor approximation at zo = 0. While T7(x) takes large values for |z|
large, it matches very well the graph of sinx on the interval [—3, 3]. O

Here is a nice consequence of Corollary 8.5.
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Figure 8.1. The graphs of sin x and its degree 7 Taylor approximation at the origin.

Corollary 8.8. For any r € R we have
X n
x
n=0

Note that for x = 1 the above equality specializes to (4.26).

Proof. Observe that for any natural number n the partial sum

n

X X

is the n-th Taylor polynomial of e* at g = 0. Corollary 8.5 implies that there exists a real
number &, between 0 and z such that

n+1
T _ ¢n T
e’ —sp(z)=ce CEI
Observe that since —|z| < &, < |z| we have eén < el?l so that
’x‘nJrl
" = su(2) | < e'“m- (8.6)
From (4.8) we deduce that
|$|n+1
lim ——— =0.
n—oo (n + 1)!
The Squeezing Principle then implies that
Jim [ e — sn(@) [ = 0.
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Remark 8.9. The above proof shows a bit more namely that for any R > 0, the partial
sums sy (z) converge to e uniformly on [—R, R]. Indeed, if z € [-R, R] so that |z| < R, then
(8.6) implies that
R Rn+1

‘ex—sn(x)‘ <e m,
Note that the right-hand-side of the above inequality is independent of x and converges to
0 as n — oo according to (4.8). Weierstrass criterion in Exercise 6.6 implies the claimed
uniform convergence. U

V|z| < R.

8.2. L’Hopital’s rule

Differential calculus is also very useful in dealing with singular limits such as %, =.

Proposition 8.10 (L’Hépital’s Rule). Let a,b € [—oc0, 00|, a < b. Suppose that the differen-
tiable functions f,g: (a,b) — R satisfy the following conditions.

(i) ¢'(xz) #0, Vz € (a,b).

(ii)

(@)
lim = A € [—00,x].
/b g'(x) | |
(iii) Either
ly () = lim g(a) =0, (iio)
or
il}})g(x) = +o0. (iiino)
Then
lim —f(x) =
z /b g(x)

Proof. Let us first observe that (i) and Rolle’s Theorem imply that ¢ is injective. Hence,
there exists a’ € [a, b) such that g(z) # 0, Vz € (a/,b). Without any loss of generality we can
assume that a = @/ since we are interested in the behavior of f, g near b. We have to prove
that for any sequence z,, € (a,b) such that lim z, = b we have

lim f(@n) =
n—o0 g(xn)

Fix one such sequence (z,,),en. At this point we want to invoke the following auxiliary fact
whose proof we postpone.

Lemma 8.11. There exists a sequence (yp) in (a,b) such that x, # Yn, Vn, im, ooy, = b

and <|f(y )|+ lg(y )|>
lim & =) =0

9(n)| -

Choose a sequence (y,,) as in the above lemma so that

F@n) _ i) 9Wn)

g(en) = gl T

lim
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From Cauchy’s Finite Increment Theorem 7.38 we deduce that there exists &, € (xy, yn) such

that
f(@n) = f(yn) f1(&n)

9(xn) = g(yn) — 9'(&n)’
Since x,, — b we deduce &, — b so that

. flxn) = f(yn) — lim f1(&n) _
i 9(zn) = glyn) S 9'(én) 4 (87)

g(@n) = glym)  g(an)(1 - LLnd) — 2un)
We deduce
f(zn) _ f(yn) _ <1 _ g(yn)> f(@n) = fyn)
9(xn)  g(xn) 9(xn) ) 9(xn) — g(yn)’
so that,
flan) _ fyn) ~9(yn) \ f(@n) = f(yn)
g@n) ~ glea) <1 g(xn>> 9(@n) — 9(un)
i f(yn) . 9(Yn) ) J'(€n)
= (o) e 4
—0 T —A

All there is left to do is prove Lemma 8.11.

Proof of Lemma 8.11 We consider two cases.
1. Suppose that (iiip) holds, i.e.,

iy flz) = h/rgg(x) =0.

Then for any n we can find y,, € (x,,b) such that

7o)l +lo(w)| < ~lg(ea)]

so that
1
|f ()| + 19 (yn)| _ LIV
l9(n)] n
and thus
n=oo|g(zn)]
2. Suppose that (iliso) holds, i.e.,
nlem g(zn) = Loo.
For t € (a,b) we set h(t) := |f(t)| + |g(t)|. We construct inductively an increasing sequence of natural numbers (ny) as

follows.
A. Since |g(xn)| — oo there exists ng € N such that
lg(xn)| > h(z1), VYn = ne.
B. Since |g(zn)| = oo, for any k € N, k > 1, we can find ny € N such that ny > ni_; and

lg(@n)| > 2°h(zn,_,) Yn > ny. (8.8)
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Now define y, by setting

o, 1<n<n
Yn: Tng,_q, nk§n<nk+1, ke N.
Observe that for n € [ny,ngy1) we have
W) I )l 65 1
l9(zn)| g(zn) 2k
This proves that
h(yn) _ -
n=o0 [g(zn)|
a

Remark 8.12. Proposition 8.10 has a counterpart involving the left limit lim,\ ,. Its state-
ment is obtained from the statement of Proposition 8.10 by globally replacing the limit at b
with the limit at a. The proof is entirely similar. O

Example 8.13. (a) We want to compute

1 —cosx

lim 5

z—0 x
According to L’Hopital’s theorem we have

. 1—cosz . (1 —=cosx) . sinz 1
lim ——— = lim ~————> = lim —— = _.
z—0 xT x—0 (x )/ z—0 2z 2

(b) Consider the function f : (0,00) = R, f(z) = z*. We want to investigate the limit
Formally the limit ought to be 0%, but we do not know what 0° means. Consider a new
function

g(z)=Inz* =xlnz, = >0.
In this case we have

Jim g(x) =0 (~00)

which is a degenerate limit. We rewrite

Inx
9(x) = 4
T
and we observe that in this case
lim g(z) = -
z—0+4 o0
which suggests trying L’Hopital’s rule. We have
1 1
Inz) ==, (1/z) =—-—=
(na) =~ (1/2) =~
and
1
/@ =—x—0 asx — 0+.
—1/22
Hence
lim g(z) =0= lim f(z)=¢"=1. 0

x—0+ r—0+
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8.3. Convexity

We begin with a simple geometric observation.

Proposition 8.14. Let x,x1,79 € R, ©1 < xo. The following statements are equivalent.
(i) z € [z, x2].
(ii) There exist t1,ta > 0 such that t; +ta =1 and x = t1x1 + texa.

Proof. (i) = (ii) Suppose = € [x1, z2]. We set

Xro — T r — I
tl = 5 tg = . (89)
XTo — I T2 — T
Since 1 < z < x9 we deduce that t1,t9 > 0. We observe that

Tro — T Tr — I Tro — I1
I —T1 T2— T Iz —I

and
r1(ry — ) +x2(T —21) X2 — T1W

t1x1 + taxe = =x. (810)

To — I T — 1
(ii) = (i) Suppose that there exist ¢1,t2 > 0 such that t; +to = 1 and = = t121 + toxs. We
have
r— I = (tl — 1)561 + t2$2 = —tgl‘l -+ t2$2 = tQ(JJQ — :Ul) Z 0,
T9 — T = (1 — t2)$2 — tlxl = tll‘z — tlxl = tl(.%'g — 33‘1) Z 0.
Hence 21 < x < x9. O

Given a function f : (a,b) — R and z1,22 € (a,b), 1 < x2, we denote by Lim the
linear function whose graph contains the points (z1, f(x1)) and (z2, f(z2)) on the graph of
f- The slope of this line is

_ flx2) = f(z1)

N Tro — 1
and thus the equation of this line is

f(x2) — f(z1)

Lgl,@(ff) = f(z1) + m(x —x1) = f(x1) + (x — 1)
Tro — I
= o) (1= 220 ) 4 ) I = P )+ g T2
Hence B B
LI o () = 272 1) + ——L f(a). (8.11)
To — X1 To — X1

Above we recognize the numbers 1, t5 defined in (8.9).

Proposition 8.15. Consider a function f : (a,b) = R and z1,2z2 € (a,b), x1 < x2. Denote
by L:J;wz the linear function whose graph contains the points (x1, f(x1)) and (x2, f(x2)) on
the graph of f. The following statements are equivalent.

flx) < Lf;hxz (), Vz € [z1,x2]. (8.12a)
fz) < ;22_—;1f(x1) i i:i}lf(m), Vi € [21, 2a]. (8.12b)
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Viti,to > 0 such that t1 +to =1 f(tlﬂjl + tQSUQ) < tlf(:cl) + tgf(l‘g), (8120)

Proof. The equivalence (8.12a) <= (8.12b) follows from (8.11). The equivalence (8.12b)
<= (8.12c¢) follows from (8.9) and (8.10).

O

YA

\/

Figure 8.2. The graph lies below the chord.

Remark 8.16. The part of the graph of Lghm over the interval [z, z2] is called the chord
of the graph of f determined by the interval [z1,z2]. The condition (8.12a) is equivalent to
saying that the part of the graph of f corresponding to the interval [z1,x2] lies below the
chord of the graph determined by this interval; see Figure 8.2. O

Definition 8.17. Let f: I — R be a real valued function defined on an interval I.

(i) The function f is called convex if, for any x1,xe € I, and any ¢1,t2 > 0 such that
t1 + to = 1, we have

f(tizy + towa) < tif(x1) + taf(x2).

(ii) The function f is called concave if, for any 1,29 € I, and any t1,t2 > 0 such that
t1 + to = 1, we have

f(tizy + towa) >ty f(x1) + taf(x2).
O

Remark 8.18. (a) From Propositions 8.14 and 8.15 we deduce that a function f: I — R is
convex if and only if, for any interval [z1, 23] C I, the part of the graph of f determined by
the interval [z, x2] is below the chord of the graph determined by this interval. It is concave
if the graph is above the chords.
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(b) Observe that if t; = 1 and t2 = 0 we have t121 +toxs = 1 and t1 f(z1) +tof(x2) = f(x1)
and thus

f(tizy +toxa) < t1f(x1) + taf(z2).
is automatically satisfied. A similar thing happens when t; = 0 and to = 1. Thus the
definition of convexity is equivalent to the weaker requirement that for any z1,x2 € I, and
any positive t1,to such that t; +¢2 = 1, we have

f(timy +tawa) < t1f(z1) + taf(22).
(c) Observe that a function f is concave if and only if —f is convex.

(d) In many calculus texts, convex functions are called concave-up and concave functions are
called concave-down. O

Before we can give examples of convex functions we need to produce simple criteria for
recognizing when a function is convex.

Proposition 8.14 implies that a function f : I — R is convex if and only if for any
21,29 € I and any x € (z1, z2) we have

xTro — r — X

T
<
£@) < 22 ) + o (o)
Since B B
1= To9 — X n T —

To— X1 To—x1
we deduce that f is convex if and only if

f(w)<$2_x T x‘“‘)s 2 ) LT )

Ty =1 T2 — I T2 — I T2 — I

—

X

2 (f(a) - flan) € = (fa) - (@)

<=>(=’132—x)( (z) = f(z ))<(x—w1)(f(x2) f(x))
o f@) = f) _ fl@2) — f(z)

We have thus proved the following rezu_lt?:l e

Corollary 8.19. Let f : I — R be a function defined on the interval I C R. The following
statements are equivalent.

(i) The function f is convex.
(ii) For any z1,x,x2 € I such that 1 < x < x3 we have

f@) = f@1) _ flw2) = f@)

xr— I - To — &

Let us observe that £&=IE1 g the slope of the chord determined by [z1,z] while

T—T1
w is the slope of the chord determined by [z,z2]. The above result states that f
is convex if and only if for any x1 < x < zg the chord determined by [z1, x| has a smaller

inclination than the chord determined by [z, z2]; see Figure 8.3.
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BT
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Figure 8.3. Chords of the graph of a convex function become less inclined as they move to
the right.

Corollary 8.20. Suppose that f : I — R is a convex function. Then for anyz; < xo < x3 < x4 € I

we have
f(x2) — f(21) < f(xg) — flz3)

To — X1 - T4 — T3

Proof. From Corollary 8.19 we deduce that the slope of the chord determined by [z1, z2] is
smaller than the slope of the chord determined by [z9, 23] which in turn is smaller than the
slope of the chord determined by [z3, z4]; see Figure 8.4. In other words,

f(x2) — f(z1) < f(z3) — f(x2) < f(z4) — f(x3)

To — X1 - xr3 — X2 - T4 — T3

\

Hpmmmmmmm oo
[O) PR —

Figure 8.4. Chords of the graph of a convex function become more inclined as they move
to the right.
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Corollary 8.21. Suppose that f : I — R is a differentiable function. Then the following
statements are equivalent.

(i) The function f is convex.

(ii) The derivative f' is a nondecreasing function.

Proof. (ii) = (i) In view of Corollary 8.19 we have to prove that for any x; < x9 < 3 € I

we have
fz2) = f(x1) _ fla3) — f(z2)

< .
T2 — 1 xr3 — T2

From Lagrange’s Mean Value theorem we deduce that there exist £ € (1, 22) and & € (x2,x3)

such that
f(xa) — f($1)7 F(&) = f(z3) — f(=762)_

f(&) =
To — T T3 — T2
Since f’ is nondecreasing and &1 < x5 < &2, we deduce f/'(&1) < f/(&2).
(i) = (ii) We know that f is convex and we have to prove that f’ is nondecreasing, i.e.,
T < Ty = f’(xl) < f’(l’g).
For h > 0 sufficiently small, h < 3(z2 — 21), we have
r1<z1t+h<z9—h<T9.

From Corollary 8.20 we deduce that slope of the chord determined by [z1, 21 + k] is smaller
than the slope of the chord determined by [z9 — h, x3], that is,

fler+h) = f(z) _ f(x2) = flwez—h) _ flz2—h) = flx2)

h - h —h
Hence , )
o) = [+ }1— fle) i e = —)h_ fw2) _ £(2)

Since a differentiable function is nondecreasing iff its derivative is nonnegative, we deduce
the following useful result.

Corollary 8.22. Suppose that f : I — R is a twice differentiable function. Then the following
statements are equivalent.

(i) The function f is convex.

(ii) The second derivative f" is nonnegative, f"(x) >0, Va € I.

Since a function is concave if and only if — f is convex we deduce the following result.

Corollary 8.23. Suppose that f : I — R is a twice differentiable function. Then the following
statements are equivalent.

(i) The function f is concave.
(ii) The second derivative f" is nonpositive, f"(x) <0, Vx € I.
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Example 8.24. The function f: R — R, f(z) = €” is convex since f”(z) = e® > 0 for any
x € R. The function f: (0,00) — R, f(x) = Inx is concave since

1 1
! 1
f(x):?f(x):—?<0, Vo > 0.
Fix a € R and consider the power function

«

p:(0,00) = R, p(z) =2
Then

P (z) = ala — 1)z 2
Note that if a(aw — 1) > 0 this function is convex, if a(a — 1) < 0 this function is concave,
and if &« = 0 or @« = 1 this function is both convex and concave. Thus, the function/z is

. . _1,
concave, while the function ﬁ = x~ 2 is convex. O

8.3.1. Some classical applications of convexity. We start with a simple geometric fact.

Proposition 8.25. Suppose that f : I — R is a differentiable convex function. Then the
graph of f lies above any tangent to the graph; see Figure 8.5. If additionally f' is strictly
increasing, then any tangent to the graph intersects the graph at a unique point.

L O et
\

Figure 8.5. The graph of a convex function lies above any of its tangents.

Proof. Let zp € I. The tangent to the graph of f at the point (zo, f(z¢)) is the graph of
the linearization of f at xg which is the function

L(z) = f(zo) + f'(z0)(x — x0).
We have to prove that
f(z)—L(z) >0, Vzel.
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We have

f(@) = L(z) = f(x) — f(x0) = ['(z0)(x — x0).
Suppose = # xg. Lagrange’s Mean Value Theorem implies that there exists £ between zg and
x such that f(z) — f(zo) = f'(€)(xz — x¢). Hence

f(@) = L(z) = f(E)(x — z0) — f'(zo)(z — z0) = (f'(§) — f(z0) )(z — 20).
We distinguish two cases.

1. © > zp. Then £ > xp and (z — x¢) > 0. Since f is convex, f’ is increasing and thus
f1(€) = f'(wo) so that

(f'(&) = f'(z0) )(@ — @0) = 0.
Clearly if f’ is strictly increasing, then f/(£) > f/(zo) and ( f'(£) — f/(x0) )(x — x0) > 0.
2. = < xp. Then £ < zg and (z — xz9) < 0. Since f is convex, f’ is increasing and thus
f'(€) < f'(wo) so that

(f'(€) = f'(z0) ) (= — x) = 0.
Clearly if f’ is strictly increasing, then f'(§) < f/(xo) and ( f'(§) — f(x0) )(zx —x0) >0 O
Example 8.26 (Newton’s Method). We want to describe an ingenious method devised by
Newton for approximating the solutions of an equation f(z) = 0.

Suppose that f : (a,b) — R is a C?-function such that
f'(z), f"(z)>0, Vo€ (a,b). (8.13)
Suppose zg € (a,b) satisfies

f(z0) = 0.
The condition (8.13) implies that f is strictly increasing and thus zp is the unique solution
of the equation f(z) = 0. Newton’s method described one way of constructing very accurate
approximations for zg.

Here is roughly the principle behind the method. Pick an arbitrary point xg € (z,b).
The linearization L(z) of f at x( is an approximation for f(z) so, intuitively, the solution of
the equation L(x) = 0 ought to approximate the solution of the equation f(x) = 0. Denote
by Z(x¢) the solution of the equation L(x) = 0, i.e., the point where the tangent to the graph
of f at (xo, f(xg)) intersects the horizontal axis; see Figure 8.6.

More precisely, we have L(x) = f(zo) + f'(x0)(z — z0) and thus,

L(x) = O@f/(xo)(x —x0) = —f(z0) =z — 19 = _ff/((f;(;))
o= 20 == s

Key Remark. The point Z(xg) lies between zy and xo, zo < Z(xg) < xo. In particular,
Z(x) is closer to zy than xg.

Clearly Z(zo) < x¢ because L(zg) = f(z9) > 0 = L(Z(xo)) and the linear function L(x)
is increasing. The assumption (8.13) implies that f is convex and f’ is strictly increasing.
Proposition 8.25 implies that the tangent lies below the graph, i.e.,

f(Z(wo)) > L(Z(w0) ) = 0= f(20).
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o
Y

Z() 2()%) 0

Figure 8.6. The geometry behind Newton’s method.

Since f is strictly increasing we deduce Z(zq) > zo.

The correspondence xg — Z(xg) is thus a map (z9,b) — (z0,b) with the property that
20 < Z(J:‘()) < xg, Vag € (Zo,b).

We iterate this procedure. We set x; = Z(zp) so that zp < 1 < xg. Define next
x9 = Z(x1) so that zp < zg < z1 and inductively

f@a) s, (8.14)
f'(zn)

The above discussion shows that the sequence (z,,) is strictly decreasing and bounded below
by zg. It is therefore convergent and we set £ = lim z,,. Observe that T > zy. Letting n — oo
in (8.14) and taking into account the continuity of f and f’ we deduce

f@) _ f(@) )
— — = — =0= f(z)=0.
7@ @) )
Since zj is the unique solution of the equation f(x) = 0 we deduce Z = zy. Thus the sequence
generated by Newton’s iteration (8.14) converges to the unique zero of f.

Tt = Z(xn) = Ty —

S]]

T =

Remarkably, the above sequence (z5) converges to zg extremely quickly. Taylor’s formula with Lagrange remainder
implies that for any n there exists &, € (20, zy) such that

0= f(20) = f(zn) + f'(@n) (20 = 0n) + 5 " (€n) 20 — 7).

Hence

) 6 S ),
= P + 20 —Tn + 2f,(xn)(20 Tn)® = ) +20 — Tn = 2f,(xn)(Zo Tn)
=20—Tp41
Hence (e
[ n J— 2
(20 = Tpt1) = 2/ (xn) (z0 — xn)~.
If we denote by e, the error, €, := x5, — 29 we deduce
f”(én) 2

Ent1 = (8.15)

2f’(xn)€n.
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Thus, the error at the (n + 1) -th step is roughly the square of the error at the n-th step. If e.g. the error ¢, is < 0.01,
then we expect €,41 < (0.1)2 = 0.0001.

Let us see how this works in a simple case. Let k be a natural number > 2. Consider the
function
f:(0,00) =R, f(z)=2a"-2.
Then
fl(z) = ka®t, () = k(k — 1)zk2
so the assumption (8.13) is satisfied. The unique solution of the equation f(z) = 0 is the
number +/2 and Newton’s method will produce approximations for this number.

We first need to choose a number xy > /2. How do we do this when we do not know
what the number /2 is?

Observe we have to choose a number zq such that f(zg) > f(¥/2) = 0, or equivalently,

1"8>2.

AN R
2) ~\2) 4~ 7
Note also that f(1) = 1¥ —2 = —1 < 0 so that

1<(“/§<g

Let’s pick zg = % Then

and thus the error )
€0 =9 = <€/§ < 5

In this case we have

f(z) zF -2 k-1 2
Z(x) =x— 7(z) YT T T Tk T+ kgk—1"
Observe that for k = 2 we have
Z@)=241
2
and the recurrence z,+1 = Z(z,) takes the form
_ 1
Tntl = 2 Tn

Above, we recognize the recurrence that we have investigated earlier in Example 4.25.
For k = 3 the recurrence x,11 = Z(x,) takes the form
22, 2

2y 2 =15
3 3520 M0

Tn+1 =
We have
x1 = 1.296296..., xo = 1.260932..., z3 = 1.25992186...,
xq = 1.25992104..., x5 = 1.25992104...
Note that, as predicted theoretically, this sequence displays a very rapid stabilization. Thus
V2 ~1.25992.....
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We can independently confirm the above claim by observing that

(1.25992)% = 1.999995. O

Theorem 8.27 (Jensen’s inequality). Suppose that f : I — R is a convex function defined
on an interval I. Then for any n € N, any x1,...,z, € I and any t1,...,t, > 0 such that

4 tty, =1
we have t1x1 + -+ +thz, € I and
fltiwy + - A tpn ) <tif(zr) + -+t f(20). (8.16)

Proof. We argue by induction on n. For n = 1 the inequality is trivially true, while for n = 2 it is the definition of
convexity. We assume that the inequality is true for n and we prove it for n + 1.

Let xzo,...,2n € I and to,...,tn, > 0 such that
to+ - +tn = 1.
‘We have to prove that

Ff(towo +t1z1 + tawa + - +tnwn) < tof(wo) +t1f(z1) +t2f(y2) + -+ +tnf(yn). (8.17)
If one of the numbers tg,t1,...,t, is zero, then the above inequality reduces to the case n. We can therefore assume
that to,t1,...,tn > 0. Consider now the real numbers
s1:=1to+t1, Ss2:=12,...,8n :=1n,
Y1t z L Y2 (=T Yn =X
1= — 1, Y2:=7T2,... = Tn.
tO Th 0 t() Tt ) ) » Yn n
Note that
$1,82,...,8n >0 and s1+---+sp, =1
and since

to t1 -1
to+t1  to+1t1
the point y; lies between xp and x1 and thus in the interval I. From the induction assumption we deduce

$1Y1 + -+ Snyn € 1,

and
Fls1y1 + -+ snyn) < s1f(y1) +s2f(y2) + -+ snfyn)

to t1
=(to+t .
(to + 1)f(t0+t1xo+ t0+t1x1> +s2f(y2) + -+ snf(yn)

Now observe that
0 t1
xo
to +t1 to +t1
=toxo +t1x1 +tox2 + - +thxn

51y1+'-~+snyn=(to+t1)( x1)+t2y2+-~-+tnyn

and since f is convex

to t1 to t1
< +
f(t0+t1x0+to+t1r1> - t0+t1f(m0) t0+t1f(m1)
so that

t, t
(to +t1) (to -l(—)tl z0 to—ihxl) <tof(zo) +t1f(z1).

Putting together all of the above we deduce (8.17). O
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Corollary 8.28. If f : I — R is a convex function defined on an interval I, then for any
n €N and any x1,...,x, € I we have

f<:c1+---+:nn> cf@)+ et fan)

(8.18)

n =

Proof. Use (8.16) in which t; =ty = --- =t, = L. O

n
Corollary 8.29. Suppose that g : I — R is a concave function defined on an interval I.
Then for any n € N, any x1,...,2, € I and any t1,...,t, > 0 such that
t1+--+tp,=1
we have t1x1 + -+ thxy € I and
g(tizr + - +taxy ) > tig(ar) + - + tog(zn). (8.19)

In particular,

(8.20)

n - n

Proof. Apply Theorem 8.27 to the convex function f = —g. O

Corollary 8.30 (AM-GM inequality). For any natural number n and any positive real num-
bers x1,...,x, we have

1+ 4T,
-

3=

<

(21 )

The left-hand-side of the above inequality is called the geometric mean (GM) of the numbers
X1, ..., Tn, while the right-hand side is called the arithmetic mean (AM) of the same numbers.

Proof. Consider the function
f:(0,00) = R, f(z)=Inzx.
This function is concave and (8.20) implies that

<x1+---+xn> Inzy +---+Inwz,
In > .

n n
Exponentiating this inequality we deduce

$1 + P + xn ln(ml.i,_m_'_zn)

= € n

n

Inzy+---+lnzn In(zq---xzn) 1
>6 n ] n :(:L‘lxn)n

O

Corollary 8.31 (Holder’s inequality). Fiz a real number p > 1 and define ¢ > 1 by the
equality
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Then for any natural number n and any nonnegative real numbers ai,...,an, bi,...,b, we
have

3=

arby+ -+ anby < (a4 al )7 (B4 ) (8.21)

or, using the summation notation

n

1
S (z ) : > (8.22)
—1 j=

i=1

bq
t = £ k= n
k Ba ) s 1y
_ 1
xk::akbk”_lB, k=1,...,n.

Observe that t; > 0, Vk and
fitp =1
Using Jensen’s inequality (8.18) we deduce that
(tn + -+ twn )" < tial) + -+ toah,
Observe that
p 5= A
(t1$1+...+tnxn) — albl Py anby P

1 _

(-3 =1

= (a1by +--- 4 anby ).
Similarly

P bl pp =3 bl -2
t1$1+---—|—tn$‘z:§albll’ Bp+---+§a£bnp BP

(¢— ;5 =0)

:Bp_l(a1f+-"+aﬁ).
Hence

(a1b1+~'—|—anbn)pngfl(all’_F..._Faﬁ)

so that

RSA

p—1
b+ -+ by < BT (af -+ ab)

)

1
q

— (a4 al )7 (b4 )T
a

If in Holder’s inequality we let p = 2, then ¢ = 2, and we obtain the following important
result.
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Corollary 8.32 (Cauchy-Schwarz inequality). For any natural number n and any real num-
bers x1,...,%Tn, Y1,--.,Yn we have

1
2

n : n
- <Z> >l 823)
j=1

n
k=1

1=1

Proof. We define
ap = |zgl, by = |yk|, k=1,...,n.

Note that az = mz, bi = y,% Using Holder’s inequality with p = ¢ = 2 we deduce

n

W N[ \?
Z |Zeyr| < (Z 90?) ZZ/JQ :
i=1 j=1

k=1

Now observe that

n
S e
k=1

n
<Y [eryl.
k=1

O

Corollary 8.33 (Minkowski’s inequality). For any real number p € [1,00), any natural
number n, and any real numbers x1,...,%n, Y1,--.,Yn we have

1 1 1
n D n D n %
<Z |zk + yk\p> < (Z »Lkp> + <Z ’yk|p> : (8.24)
k=1 k=1 k=1

Proof. We set

n % n % n %
o (Smr) v (Se) s 2 (Serwr)
k=1 k=1

k=1

Clearly X,Y,Z > 0. We have to prove that Z < X + Y. This inequality is obviously true if
Z =0 so we assume that Z > 0. Note that we have

n n
7P =Y lep+ul” =D ok 4wl on + ol
k=1 = Y

<lzk|+lyrl (8.25)
n n
< el o+ el D k] |+ yelP
k=1 k=1

This proves (8.24) in the special case p = 1 so in the sequel we assume that p > 1. Let
q= ﬁ so that

1
S4- =1
P q
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Using Holder’s inequality we deduce that that for any £k =1,...,n we deduce

p—1
p

n p % n
3 fakl 2+ Pt < (Z rm!ﬂ) (Z ok + yk!”> ,

B(r Zpr—1
1 p—1
n P P n P
> lykl |z + gl < (Z’yk‘p> <Z|x’f+yk‘p> :
k=1 k=1 k=1
Y Zp—1

Using the last two inequalities in (8.25) we deduce
7P < (X422 ' E z7< x4V
g

Remark 8.34. Minkowski’s inequality has a very useful interpretation. For a natural number
n we denote by R™ the n-dimensional Euclidean space whose points are called (n-dimensional)
vectors and are defined to be n-uples

= (z1,...,2p), T, €R, 1<i<n.

The space R™ has a rich algebraic structure. We mention here two operations. One is the
addition of vectors. Given

x=(x1,...,2n), Y= (y1,---,yn) €ER"
we define their sum @ + y to be the vector
r+y:=(T1+Y,. Ty + Yn).
Another is the multiplication by a scalar. Given
x=(r1,...,2,) €ER", t€R,

we define
te = (txy,... tay,).
For p € [1,00) and & € R™ we set

8
=
Il
N
(]
)
ES
RS
~_—
S

Note that
Itxll, = |t| ||y, VteR, xeR",

llz|[, >0, Vx e R", (8.26)
x|, =0<=x = (0,0,...,0).
Minkowski’s inequality is then equivalent to the triangle inequality
lz+yllp < llzl, + yllp, Ve, yeR™ (8:27)

A function R™ — R that associates to a vector R a real number |x|| satisfying (8.26) and
(8.27) is called a norm on R™. Minkowski’s inequality can be interpreted as saying that for
any p € [1,00) the correspondence

R 5 2 2], € [0,00),
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defines a norm on R™.

Note that (8.27) implies that for any u, v, w € R"™ we have

lu —wlp < flu—vll,+ lv—w|,, (8.28)
since
(u—v)+(v—w)=(u—w). 0
—_—— — =
T Yy Tty

8.4. How to sketch the graph of a function

Differential calculus can be quite useful in producing sketches of the graphs of functions.
Instead of giving a detailed description of the steps that need to be taken to produce a sketch
of a graph, we will outline a few general principles and illustrate them on a few examples.

In sketching the graph of a function f(z), one needs to look at certain distinguishing
features.
e Locate the intersections of f with the coordinate axes, if possible.
e Locate, if possible, the critical points of f, i.e., the points  such that f/(z) = 0.

e Locate the intervals where f is increasing and the intervals where f is decreasing,
if possible.

e Locate the intervals where f is convex, and the intervals where f is concave, if
possible. The endpoints of such intervals are found among the solutions of the
equation.

7(x) = 0.
Sometimes solving this equation explicitly may not be possible.

e Locate the asymptotes, if any.
Example 8.35 (Cubic polynomials). Consider an arbitrary cubic polynomial
p:R—=R, px) =23+ ayx? + a1z + ao,
where ag, a1, as are given real numbers. We would like to describe the general appearance of
the graph of p and analyze how it depends on the coefficients ag, al, as. Observe first that
lim p(z) = £oo.

z—+oo
The graph intersects the y-axis at y = ag. The intersection with the z-axis is difficult to find

because the equation p(x) = 0 is difficult to solve. Instead, we will try to find the critical
points of p(x) i.e., the solutions of the equation p/(z) = 0.

322 + 2a0x + a1 = 0. (8.29)
The function p/(z) has a global minimum achieved at the point p defined by the equation

The function p’(x) is decreasing on the interval (—oo, u] and increasing on [u, 00). Thus p(z)
is concave on (—oo, u] and convex on [u,00). The point u is an inflection point of p.
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y=p/(x) y=r'(x)

Y
\

=¢--
=

Figure 8.7. A = 4a§ —12a; <0 .

The general theory of quadratic equations tells us that (8.29) can have zero, one or two
solutions depending on whether A = 4a3 —12a; is negative, zero or positive. These situations
are depicted in Figure 8.7 and 8.8.

If p has no critical points, as in the left-hand side of Figure 8.7, then p/(z) > 0 for any
x € R. This shows that p is increasing. Similarly, if p has a single critical point, then again
p(x) is increasing. In both cases, the graph of p looks like the left-hand side of Figure 8.9.

A

c ! c

Figure 8.8. A = 4a% —12a; >0 .

A A
y=p(x)
y=p(x)
M u N\

Figure 8.9. The graph of y = 23 + asx® + a1z + ag.

If p(z) has two critical points ¢; < c2, then p/(z) < 0 on (c¢1,c2) and positive on
(—o00,c1) U (c2,00); see Figure 8.8. The point ¢; is a local max of p and ¢z is a local min of
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p. The inflection point p is the midpoint of the interval [¢1, c2]. The graph of p is depicted
on the right-hand side of Figure 8.9. O

Example 8.36. Consider the function
2 +1

1=y

We have not specified its domain so it is understood to consist of all the x for which the
fraction
2 +1
2 —3x+2
is well defined. The only problems are the points where the denominator vanishes,

22 —-324+2=0=2x=1 V z=2.

Thus the domain is

(—o0,1) U (1,2) U(2,00).
The points 1 and 2 are also points where the vertical asymptotes could be located. We will
investigate this issue later.

We have
() = (2z) (2% — 32 +2) — (22 + 1)(22 — 3) B 223 — 622 + 4z — (223 — 322 + 22 — 3)
B (22 — 3z + 2)? B (22 — 3z + 2)?
_ 342043
(22 -3z +2)2°

The derivative vanishes when 322 — 2z — 3 = 0. The roots of this quadratic polynomial are

244136 2+v40 2+2V/10 1410

6 6 6 3
One root is obviously negative. Since 3 < /10 < 4 we deduce
1+/10 5
1< % <3<z

The intersection with the y-axis is obtained by computing f(0) = % There is no intersection
with the x axis since the numerator does not vanish. We have already detected several

remarkable points
1—+10 1 _1+V10 9

3 , 1, €2 3 , OQ.

—00, C1 =
Observe that
i 2+ 1
oo 72 — 3z 1 2
so the horizontal line y = 1 is a horizontal asymptote for f(x) at £oo. We do not investigate
the second derivative because it requires a substantial amount of work, with little payoff.

Table 8.1 organizes the information we have collected. The exclamation signs indicate
that the corresponding functions are not defined at those points. As x approaches 1 from the
left, the function f(z) is increasing and

lim f(z) = occ.

z—1—
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’ T H —00 cl 1 Co

(2 -32+2) | 0o ++ + ++ 0 ——— — ——

-3z 4+2z+3[|-00c —— 0 ++ + ++ 0 ——

() - —— 0 4+ ! ++ 0 -

f(zx) 1 _\ min 2! S max O\

Table 8.1. Organizing all the relevant data.

Similarly, the table shows

lim f(z)= —o0, l_1gl_ f(z) = —o0, lim f(x)= occ.

z—1+ T2+

This shows that the vertical lines z = 1 and x = 2 are asymptotes of f(x).

contains a sketch of the graph of the function f(z).

A

X 4

Figure 8.10. The graph of zzx_z;:l“ .

Some functions admit inclined asymptotes.

Definition 8.37. (a) The line y = mz + b is the asymptote of f(x) at oo if

mlgrolo f(;) =m and xlggo(f(x) —mzx) = b.

(b) The line y = max + b is the asymptote of f(z) at —oc if
lim /(@)

Jm == =m and xEIPoo(f(x) —mz) = b.

Figure 8.10
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Example 8.38. The function

2+ 22t + 323 + 42+ 5
f(z) =

4 +1
admits an inclined asymptote y = ma + b as x — oco. The slope m can be found from the
equality
m = lim 7f(:r) =1,
r—o00 I

and b can be found from the equality
2zt + 323 + 4z + 5 —w(at + 1
b:lim(f(:/v)—m):lim%Jr%jLaciacJr 2z’ +1)
T—00 T—00 zt 41
. 20+ 323+ 32 +5
= lim 1 =
T—00 xt+1

2. O

8.5. Antiderivatives

Definition 8.39. Suppose that f : I — R is a function defined on an interval I C R. A
function F' : I — R is called an antiderivative or primitive of f on I if F' is differentiable,

and
F'(z) = f(x), Vz eI O
Example 8.40. (a) The function z? is an antiderivative of 2z on R. Similarly, the function

sin z is an antiderivative of cosz on R. O

Observe that if F'(z) is an antiderivative of a function f(z) on an interval I, then for any
constant C' € R the function F(z) + C is also an antiderivative of f(x) on I. The converse is
also true.

Proposition 8.41. If Fy, F5> are antiderivatives of the function f : I — R, then Fy — F5 is
constant.

Proof. Observe that (F} — F»)' = F|{ — F) = f — f = 0 and Corollary 7.30 implies that
Fy} — F5 is constant on I. O

Definition 8.42. Given a function f : I — R we denote by [ f(z)dz the collection of all the
antiderivatives of f on I. Usually [ f(z)dz is referred to as the indefinite integral of f. O

For example,
/COS:UdJ? =sinx + C, /Q:de =22 4C.

Table 8.2 describes the antiderivatives of some basic functions.
Note that if f :— R is a differentiable function, then f is an antiderivative of f’ so that

/ Fl@)de = f(z) +c. (8.30)

Observing that f'(x)dx = df we rewrite the above equality as
/df =f+C. (8.31)
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f(z) J f(x)dx
2", (zreR,neZ, n>0) (flnjll)%—C’
L (2#0,neN, n>1) —W+C
a xa+1
2, (e eR, a# —1, 2> 0) T +C
1)z, x#0 In|z|+C
e’, (r e R) e* +C
sinz, (z € R) —cosz +C
cosz, (x € R) sinx + C
1/cos’z tanz + C
ﬁ, z e (-1,1) arcsinz + C
1+%,xeR arctanx + C
f\/xéﬁdx,x?i1>0 In|jz+Va2+1|+C

Table 8.2. Table of integrals.

In general, the computation of an antiderivative is a more challenging task that cannot always
be completed. There are a few tricks and a few classes of functions for which this task is
feasible. We will spend the remainder of this section discussing a few frequently encountered
techniques for computing antiderivatives.

Proposition 8.43 (Linearity). Suppose f,g : I — R and a,b € R. If F,G : I — R are
antiderivatives of f and respectively g on I, then aF + bG is an antiderivative of af + bg on
1. We write this in condensed form

/(af+bg)da::a/fda:+b/gdx.

(aF 4+ bGQ) = aF' +bG' = af + bg.

Proof.

Example 8.44.

/(3+5$+7x2)dx:3/dm+5/xdw+7/x2d:c:Sm—i—Zaz2+;x3+C. O
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Proposition 8.45 (Integration by parts). Suppose that f,g : I — R are two differentiable
functions. If the function f(x)g'(x) admits antiderivatives on I, then so does the function
' (x)g(x) and moreover

/ f(@)d (@)dz = f(x)g(x) - / 9() ' (z)dz. (8.32)

Proof. The function (fg)' = f'g + f¢' admits antiderivatives and thus the difference
(f9)' = fg'=1g
admits antiderivatives. Moreover,
fo= [y = [(Fg+ foiz = [ fodos [ fodn= [ fodz=fg- [gfa

O

Let us observe that we can rewrite (8.32) in the simpler form
/fdg =f9- /gdf- (8-33)

Example 8.46. (a) We can use integration by parts to find the antiderivatives of Inx, z > 0.

We have J
/lnmdaz = (Inx)x — /a:d(lnx) =zlnz — /x:v
x

:xlnx—/dx:xlnx—x—i-C’.
(b) For a € R consider the indefinite integrals
1, = /e“m cosxdr, J, = /eax sin zdx.
We have
I, = /eaxd(sin x) =e"sinx — /sin zd(e*) = e sinx — /ae‘” sin zdx

=e*sinx — alJ,.

Similarly we have
Jo = /e‘”’d(— cosx) = —e* cosx + /cos xd(e®) = —e*cosz+a / e cos xdx

= —e™cosz + al,.
We deduce
I, = e sinx — a(—e* cosx + al,) = €*sinx + ae® cosx — a1,
so that
(a® 4+ 1)1, = e"® sinz + ae® cos z,

which shows that 1

I, = ——
a2 4+1

(e sinz + ae® cosz ) + C. (8.34)

From this we deduce
a

a?+1

Jo =al, — e* cosx = (e““ sinx + ae® cosx) —e*cosz + C,
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so that
1

= aQ + 1(
(c) For any nonnegative integer n we consider the indefinite integral

I, = /x”exdw.

Ioz/ewda::ex—i—c.

Ja ae™ sinz — e** cosx ) + C. (8.35)

Note that

In general we have

Iy = /xnﬂd(ex) =g le? — /e’”d(m”“) =" — (n+1) /x"exdac

so that
Injii=2"e® — (n+ 1)1, Vn=0,1,2,... .. (8.36)
If we let n = 0 in the above equality we deduce
I = xe® — Iy = xze® — e* + C, (8.37)

Using n =1 in (8.36) we obtain
I = 2%¢® — 211 = 2%e® — 2xe® + 2¢* + C.
This suggests that in general I,, = P,(x)e® + C, where P,(z) is a polynomial of degree n.
For example,
Py(z) =1, Pi(z)=(z—1), Pyz)=2?—2x+2.
The equality (8.36) shows that
Poy1(z) = 2" — (n+1)Py(z), Yn=0,1,2,.... (8.38)

d) Let us now explain how to compute the integrals
g
dx
Ap= | ————.
" / (24 1)7

d
Aq :/$2_T_1 = arctanz + C.

Note that

In general
A, = /(:L'2 + 1) "dx = aj(x2 +1)7" — /md( (1‘2 + 1)_”)
T —2nx T 22
= — — = 2 -
@@+ 1" /x(xz Ty e ”/ @@

oz 5 a:2—|—1—1d
_(x2+1)n+” <m2+1)n+1$

T 1 1
@+ 1) + n/ (x2+1)ndx n/ (x2+1>n+1dx

T
= m + QTZAn — 27’1An+1.

Hence .
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so that .
2nAn+1 = W + (2TL — 1)An,
and thus
1 x (2n —1)
A = — A, 8.39
T o (22 1) o " (8:39)
For example,
1 1 =z 1
/Mdm_2m+zarctan$+0. O

Proposition 8.47 (Integration by substitution). Suppose thatw:1 — J and f:J — R are
differentiable functions. Then the function f'(u(z))u'(z) admits antiderivatives on I and

/ F(u(z))d (z)dz = / £ (w)du = / df = f(u) +C, u=u(z). (8.40)

Proof. The chain formula shows that f’(u(z))u/(x) is the derivative of f(u(z)) so that
f(u(x)) is an antiderivative of f/(u(x))u'(z). O

Example 8.48. (a) To find an antiderivative of ze™ we use the change in variables u = z2.

Then

du = 2zxdxr = xdxr = d?u

so that p
22 wadu 1 “ 1 22
dr = — == C== C.
/e xdx /e 5 26 + 26 +
sin x
COos T

(b) Let us compute an antiderivative of tanxz = on an interval I where cosxz # 0. We

distinguish two cases.

1. cosz > 0 on I. We make the change in variables v = cosx so that v > 0, and
du = —sin xdx. We have

1 d
/Smxd:c:—/u:—lnu—i—Cz—lncosx+C:—ln]cosa:|+C'.
U

COS T

2. cosx < 0 on I. We make the change in variables v = —cosz so that v > 0 and
dv = sin xdx. We have

/Smxdxz d—v:—lnv+C:—ln(—cosx)—i—C:—ln|cosx]+C.

COS T —v

Thus, in either case we have

/tan zdr = —In|cosz| + C. (8.41)
(c) To compute the integral

/(a:p +b)"dz, neN, a>0,

we make the change in variables u = ax + b. Then du = adx so that dx = %du and we have

n _l n — 1 n+1 _ 1 n+1
/(am+b) da:—a/u du—a(n+1)u +C—a(n+1)(a$+b) +C.
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(d) To compute the integral

/

(ax + b)"

1

dr, a+#0,n €N

we again make the change in variables u = (ax + b) and we deduce

/1da::1/1du=0+
(ax + b)" a ) u®

(e) To compute the integral

o nful,

-1
a(l-n)un—1>

X
B, = —d
/ @+

n=1

)

n > 1.

u = ax +b.

We make the change in variables u = 22 + 1. Then du = 2xdx so that xdx = %du and thus

T 1
/ R

1
/du:0+1x
um 2

(f) The integrals of the form

In u,

1

(I-n)un—1>

n=1

n>1.

/(sinx)m(cos )z, k,m € Zso,

are found using the change in variables u = sinz. Then

du = cosxdx, (cosz)*Tldx = (cos® z)¥ coszdx = (1 — sin® 2)¥d(sinz) = (1 — u?)*du

and

/(sin )™ (cos ) dy = /um(l —u?)*du.

Similarly, the integrals of the form

/(cos z)™(sinz)*dx, m,k € Zso,

are found using the change in variables v = cosx. Then

/ (cos 7)™ (sin 2)2+ dy = — / o(1 = v?)rdu.

(g) The integrals of the form

/(sina:)2m(cosx)2kda:, k,m € Z>o

are a bit trickier to compute. There are two possible strategies.

One strategy is based on the trigonometric identities

sin

2

xr =

5 , cos“x

1 —cos2z 9 l+cos2x

2

Using the change in variables u = 2x, so that

du = 2dr = dx = %du

, w=a?+1.
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we deduce

1
/(sin z)?™(cos z)*Fdx = SR /(1 — cosu)™(1 + cos u)*du.

The last integral involves smaller powers in cosu. For example

1 2 d
/cos4zvd33:/<+;josu> ?u’ u = 2x,

1 1 1 1
= 8/(1+2008u—|—0052u)du: 8u+sinu+8/cos2udu

4
(v ="2u = 4x)
1+1_ +1/ 1+ cosv\ dv 1+1, +1 (14 )d
=- — sin - — === —sin —
gut gsinut g 5 5 gt gsinut oo cos v)dv
1 1 1
= Zm+zsin(2x)+%+§sinv+0
1 1 3 1 1
= % + 1 sin(2zx) + g + 32 sin(4dz) + C = g% + 1 sin(2z) + 3 sin(4z) + C.
One other possible strategy is to use the change in variables © = tanz. Then
1 1 tan® z u?
2, _ _ S22 2, _ _
O T e 12 DHETS vtantr = 1+tan?z 1+ u?
du = d(tanz) = (14 tan® z)dz = (1 + v?)dx = dx = du
14+ u?

We deduce

( . )2m( )de - U2 m 1 k du
SN T COsS T XL = 1—|—u2 1+u2 1—|—u2

um
:/(1+u2)m+k+1du'

Thus we need to know how to compute integrals of the form
u2m
J(m,n) :/du, 0<m<n, mmnéecZ.
(1+u2)n

Observe first that when m = 0 the integrals J(0,n) coincide with the integrals A,, of (8.39).
The general case can be gradually reduced to the case J(0,n) by observing that

2m 2m—2 _ ,,2m—2 2m—2 2 2m—2
J(m,n):/u +u u du:/u (1+u)_/ u
(14 u?)" (14 u2)" (14 u?)"

u2m—2

so that

‘J(m,n):J(m—l,n—l)—J(m—l,n).‘ O
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The examples discussed above will allow us to describe a procedure for computing the
antiderivatives of any rational function, i.e., a function f(x) of the form

where P(z) and Q(z) are polynomials. Theoretically, the procedure works for any rational
function, but the practical implementation can lead to complex computations. Such compu-
tation is possible because any rational function can be written as a sum of rational functions
of the following simpler types.

Type 1.

ax", a €R, n=0,1,2,....
Type II.

ﬁ, c,r€R, neN.
Type III.

br + ¢

((z—r)24a2)" a,b,c,r €R, neN.

If the degree of the numerator P(z) is smaller than the degree of the denominator Q(z), then

only the Type II and Type III functions appear in the decomposition of gg; The functions

of Type II and III are also known as partial fractions or simple fractions.

Actually finding the decomposition of a rational function as a sum of simple fractions
requires a substantial amount of work and it is not very practical for more complicated
rational functions. For this reason we will not discuss this technique in great detail.

The primitives of a function of Type I are known. More precisely

/am”daz = Lx"“ + C.
n—+1

The primitives of the functions of Type II where computed in Example 8.48(e). To deal with
the Type III functions we make a change in variables

rT—r=at<=x=at+r.

Then
dxr = adt, bx+c=blat+71)+ = abt+rb+c,

(z —7)2+a? =d’t> + a® = ®(t* + 1),
br +c /abt+rb+c

—dr = [ ——5———adt
/((1:—7’)2+a2) v a2"(t2+1)”a

b t rb+c 1
- a2n—2/(t2+1)ndt+ q2n—1 /(t2+1)ndt'

The computation of integral
1
———dt
/ (t2+1)n

is described in (8.39), while the computation of the integral

t
/ (t2+1)n dt

so that
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as described in Example 8.48(e).

Let us illustrate this strategy on a simple example.

Example 8.49. Consider the rational function

fz) = .

(x —1)2(z2 4+ 22 +2)°

Let us observe that
2242042 = (z+1)*+12%
The function admits a decomposition of the form

1 B A Ay Bix + C4
(x —1)2(22 + 22 + 2) _f($)_x71+(:c71)2+$2+2$+2‘

Multiplying both sides by (z — 1)%(2% + 22 + 2) we deduce that for any 2 € R we have

1=Ay(z—1)(2® + 22+ 2) + Az (2® 4+ 22 +2) + (Biz + Cy)(z — 1)2
= Ay (2® +22% + 20 — 2% — 22 — 2) + Ag(2® + 22+ 2) + (Biz + Cp)(2? — 22 + 1)
= Ay (2% 4+ 2% — 2) + Ay(2® 4 22 + 2) + (B12® — 2B12* + Biz + C1z% — 201z + C)

= (A 4 By)x® + (Ay + Ay — 2By + C))x? + (245 + By — 2C1)z — 2A; + 24,5 + C.
This implies

Ai+By = 0
Al +Ay—-2B1+C; = 0
24+ B1—2C; = 0
—2A1 +2A,+C7 = 1.
From the first equality we deduce A; = —B; and using this in the last three equalities above
we deduce
Ay —3B1+Cy = 0
240+ B1—2C7 = 0
245 +2B1+C7 = 1.

From the first equality we deduce Ay = 3By — (7. Using this in the last two equalities we
deduce

7B —4C; =
8B —C1 = 1.
Hence,
7 25 4 7 4
'Bi=Ci=8B1 - 1= 2Bi=1=B=—, O1= - = A =——
15 C1 =8B =5 = By 25,01 25:>1 55"
12 7 1
2=3B1 -0 =0 =50 =5
Hence
1 4 1 4o+ 7

(z —1)2(22 + 22 + 2) 25(x—1)  5(z—1)2  25((z+1)2+12)
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Example 8.50 (First order linear differential equations). A quantity u that depends on time
can be viewed as a function

u:l =R, t—u(t),
where I C R is a time interval. We say that u satisfies a linear first order differential equation
if u is differentiable and it satisfies an equality of the form

u(t) +rt)u(t) = f(t), tel, (8.42)

where r, f : I — R are some given functions. Solving a differential equation such as (8.42)
means finding all the differentiable functions w : I — R satisfying the above equality. Let us
look at some special examples.

(a) If r(t) = 0 for any t € I, then (8.42) has the simpler form u/(t) = f(t), so that w(t) must
be an antiderivative of f(t).

(b) The general case. Suppose that r(t) admits antiderivatives on I. The differential equation
(8.42) is solved as follows.

Step 1. Choose one antiderivative R(t) of r(t), i.e., a function R(t) such that R'(t) = r(¢).
Step 2. Multiply both sides of (8.42) by e®(*). We obtain the equality
ey (1) + eBOr(tyu(t) = f(t)el®.
Now observe that the left-hand side of the above equality is the derivative of eR(t)u(t),
(efDu(t)) = RO/ (t) + O R (t)u(t) = RO (1) + BOr(t)u(t) = f(t)e®.
This shows that e®®u(t) is an antiderivative of f(t)efi®).

Step 3. Find one antiderivative G(t) of f(t)e®®). We deduce that there exists a constant
C € R such that

fu(t) = G(t) + C = u(t) = e ROG(t) + Ce RO,
Take for example the equation
u'(t) + 2tu(t) = t.

In this case
r(t) =2t, f(t)=t.

We can choose R(t) = t? and we have

%(et2u(t)) = etzu/(t) + 2tet2u(t) = et
so that . )
eu(t) = /etQtdt = 2/6t2d(t2) = §€t2 +C
1 1
= u(t) = et (C + ieﬁ) =Ce ¥ + 3 0
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8.6. Exercises

Exercise 8.1. Let n € N, x¢, cg,c1,...,¢, € R and
n
c c c c
P(,I) = Cp + Tll(m — CL'O) + £($ — :EO)Q + .-+ TTT'L(‘I — CL'O)n = —k;(x — fL’O)k.
! ! ! — k!

(a) Prove that for any k£ =0,1,2,...,n we have
PO (20) = ¢p..

(b) Prove that if Q(z) = qo + q1x + - - - ¢,™ is a polynomial of degree < n such that

QW (z0) = cp, VE=0,1,2,...,n,
then Q(z) = P(x), Vx € R.
Hint. Consider the difference D(z) = P(z) — Q(x), observe that

D®¥)(z0) =0, Vk=0,1,2,...,n,
and conclude from the above that D(z) = 0, Yz € R. To reach this conclusion write

D(z)=dy+ diz+ -+ dpx",

and observe first that D™ (z) = nld,, Vz € R. O

Exercise 8.2. Suppose that a,b € R, b > 0 and consider f: R — R
1+ ax?
f) = 14 bx2’
Find the degree 4 Taylor polynomial of f at 9 = 0. For which values of a,b does this
polynomial coincide with the degree 4 Taylor polynomial of cosz at zg = 07

Hint. To simplify the computations of the derivatives of f at 0 use the following trick. Let
N(x) = 1+ ax?® be the numerator of the fraction, D(z) = 1+ bz? be the denominator. Then

N(0) = D(0) =1, N'(0)=D'(0)=0, N"(0)=2a, D"(0)=2b, (8.43)
N®(z) =DW(z) =0, Vk >3, zeR. (8.44)
We have
N(z) = D(@)f(x), N'(x)=D'(x)f(z)+ D()f (),
N"(z) = D"(2)f(x) + 2D/ (2) f' () + D()f"(2),
n 2
() () (725 Y D) () £ =) () B2 N D) () £k (4
N (a) kZ()(k)D @) k20<k)D @)
= D)) (w) + 0D/ (@) @) + " D) 0D ), v s 2
We deduce
£(0) = D(0)£(0) = N(0) = 1, f(0) = D(0)'(0) = N'(0) — D'(0)4(0) "=” 0,
7(0) = D(0)£(0) = N”(0) — 2D (0) £'(0) — D"(0)£(0) = N"(0) — D"(0) £(0) = 20 — 2b,
n(n—1)

F(0) = D) £ (0) = N™(0) = nD'(0) £~V (0) - D"(0)f"=2(0)

2
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(.43) —bn(n —1)f"2(0), n> 2. 0

Exercise 8.3. Use the inequality 2 < e < 3 and the strategy outlined in Remark 8.6 to show
that

h R 3| h|n+1

h

(1424 —)‘<7,Vh<1. 0
(S TR Sy s

Exercise 8.4. Using Example 8.7 as a guide, compute cos 1 up to two decimals. O
Exercise 8.5. Approximate v/8.1 using the degree 3 Taylor polynomial of f(x) = ¥z at
xo = 8. Estimate the error of this approximation using the Lagrange estimate (8.3). O

Exercise 8.6. Find the Taylor series of the function

fla) = a#1

1—2
at zg = 0. For which values of x is this series convergent? O

Exercise 8.7. Prove that the Taylor series of In(1 — z) at zyp = 0 is
0 n
and then show that this series converges to In(1 — z) for any z € (-1, 3).

Hint. Use Corollary 8.5.! O

Exercise 8.8. (a) Prove that the Taylor series of sinx at 9 = 0,
p2k+1

>V G

k>0

is absolutely convergent for any z € R and its sum is sinz. Show that the convergence is
uniform on any interval [—R, R].

(b) Prove that the Taylor series of cosz at zyp = 0,

k>0

is absolutely convergent and for any « € R and its sum is cosz. Show that the convergence
is uniform on any interval [—R, R].

Hint. Use Corollary 8.5. a

. 1 T z
lim z |- — .
500 L (w+1>]

IThe Taylor series of In(1 — z) at o = 0 converges to In(1 — z) for all |z| < 1. However, the Lagrange remainder
formula is not strong enough to prove this. We need a different remainder formula (9.47) to prove this stronger statement.
For details see Example 9.52.

Exercise 8.9. Find

|
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Exercise 8.10. Using the fact that the function In : (0,00) — R is concave prove Young’s
inequality: if p,q € (1,00) are such that

1 1
—
p q
then
xy < — + =, Va,y > 0. (8.45)
p q

O

Exercise 8.11. Suppose that a < b are two real numbers and f : (a,b) — R is a convex
function.

(a) Prove that for any z1 < 2 < 23 € (a,b) we have
fxs) — flxa)

f(z2) — f(z1) < f(z3) — f(x1) < '

To — X o T3 — T - T3 — X2

Hint. Give a geometric interpretation to this statement and then think geometrically.
(b) Suppose that z¢ € (a,b). Prove that the one-sided limits

mes () = hli%; f(xo + h})L — f(xo)

exist, are finite and m_(z9) < m4(zp).

(c) Suppose xy € (a,b) and my(xg) are as above. Fix m € [m_(xzg), my(xo)]. Show that
f(x) > f(zo) + m(x — x0), Vz € (a,b).

Can you give a geometric interpretation of this fact?

(d) Prove that f : R — R, f(x) = |z| is convex. For xp := 0, compute the numbers m (z¢)
defined as in (b). O

Exercise 8.12. ? Suppose that f : [0,1] — [0,00) is a C2-function satisfying the following
additional properties.

(i) f'(x) >0, Vx € ]0,1].
(i) f"(z) >0, Vz € (0,1).
(iii) f(1) =1, f/(1) > 1 and f(0) > 0.
Prove that the following hold.
(a) f(x) €[0,1], Va € [0,1].
(b) If zg € (0,1) is a fized point of f, i.e., f(xg) = xg, then f'(x¢) < 1.
Hint. Argue by contradiction. Use the Mean Value Theorem with the quotient

f(l)—f(l‘o)‘

1—(120

2The results in this exercise are particularly useful in probability theory in the investigation of the so called
branching processes.
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(c) The function f has a unique fixed point x, located in the open interval (0, 1).

Hint. Argue by contradiction. Suppose that f has two fixed points x, < y.. in (0,1). Use
the Mean Value Theorem for the quotient

fye) = f(2)
Ysx — Tx
and reach a contradiction using (b).
(d) Fix s € (0,1) and consider the sequence (x,) defined by the recurrence
x90 =38, Tpn+1 = f(xn), Vn >0.

Prove that
lim x,, = x4,
n

where x, is the unique fixed point of f located in the interval (0, 1).

Hint. The sequence is bounded since it lies in [0,1]. Show that the sequence is monotone

and the limit lies in (0, 1). ]
Exercise 8.13. Prove that for any n € N and any numbers z1, 2o, ..., 2z, > 0 we have
w4\ _tit e tay
n - n '
Hint. Use the Cauchy-Schwartz inequality. O

Exercise 8.14. Consider the Gauss bell, i.e., the function

22

v:R=>R, v(z)=e 7.
(a) Prove that for any n € N there exists a polynomial H,(z) of degree n such that

7 () = (=1)"Ho(2)7(@).
(The polynomial H,(z) is called the degree n Hermite polynomial.)
(b) Prove that
Hy,11(z) = xH,(z) — H,(z), Vn € N.
(¢) Compute Hi(z), Ho(x), Hs(x).
(d) Find the intervals of convexity and concavity of y(z).
(e) Sketch the graph of the function (). 0

Exercise 8.15. Consider the hyperbolic functions
T —x r __ ,—T
cosh,sinh : R -+ R, coshx = %, sinh(z) = S
(cosh=hyperbolic cosine, sinh= hyperbolic sine)
(a) Prove that
cosh’ z = sinhz, sinh’z = coshz,
cosh? z —sinh?2 = 1, cosh®z + sinh? z = cosh(2z), Vz € R.
(b) Find the Taylor series of coshz and sinhx at z¢ = 0.

(c) Prove that the function sinh is bijective and then find its inverse.
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(d) Sketch the graphs of cosh and sinh. 0

Exercise 8.16. Compute

/mehdx, /xe% coS xda;,/erx sin zdz, /sin3a;(3052 rdr. O

Exercise 8.17. Compute
/ ol
(44 22)° v

by reducing it to the computation in Example 8.46(d). O

Exercise 8.18. Compute

/(cos z)Hdaz. O

Exercise 8.19. Using the strategy outlined in Example 8.50 find the function w(t), v(t), f(¢)
satisfying the differential equations

u'(t) +2u(t) = t, v'(t) —v(t) = cost,
Fi(6) = (tant)f()) =, —5 <t <. 0

Exercise 8.20. Suppose that we are given a huge container containing 200 liters of pure
water. In this container, starting at ¢ = 0, we continuously add 10 liters of salted water per
minute containing 1.5 grams of salt per liter and, at the same time, the container is leaking
salt-water mixture at a constant rate of 10 liters per minute. Denote by m(t) the amount of
salt (in grams) contained in the mixture after ¢ minutes from the start.
(a) Prove that m(t) satisfies the differential equation

dm t

dm _ . m)

dt 20
(b) Recalling that initially there was no salt in the water, i.e., m(0) = 0, find m(t) for any
t>0. O

8.7. Exercises for extra-credit

Exercise* 8.1. Suppose that f : (0,00) — R is a differentiable function such that
. / o
lim (f(z) + f'(2)) =0.

Show that
lim f(z) = lim f'(z)=0. O

T—00 T—r00

Exercise* 8.2. (a) Prove that for any n € N and any real numbers a,r > 0 we have

a1 [yt na
antl < — + .
“r\n+1 n+1

Hint: Use Young’s inequality (8.45).

(b) Prove that if >°, -, ay is a convergent series of positive numbers, then so is >, g an*" .0
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Exercise* 8.3. Suppose that f : R — R is a C3-function. Prove that there exists a € R
such that

fla)- f'(a)- f"(a) - f"(a) 2 0. O

Exercise* 8.4. Suppose that f : R — R is a convex C! function. For ¢ € R we denote by

E.(z) the function
2

E.:R—>R, Ef(z)= % —cx + f(x).
(a) Prove that E. has a unique critical point.
(b) Prove that the function g : R — R, g(z) = = + f/(x) is bijective. 0

Exercise* 8.5. Suppose that f : [a,b] — R is a continuous function satisfying

(5Y) < Kt

Prove that f is convex. O

, Vx,y € [a,b)].

Exercise* 8.6. Suppose that f : (a,b) — R is a convex function. Prove that f is continuous.

Hint. You need to use the facts proven in Exercise 8.11. O

Exercise* 8.7. Show that for any positive real numbers a, b, ¢ we have

at b3
a+b+c< —+ —+ —. O
bc  ac ab
Exercise* 8.8. Fix a natural number n and positive real numbers z1,...,x,. For any a > 0
we set )
¥4 %\ @
Mo(z1,. .. @) = <1n"> .

(a) Show that
My(z1,. .. ,2n) < Mg(z1,...,25), VO <a<p.
Hint. Use Holder’s inequality (8.21).

(b) Compute

ali%hMa(xl"“’“’")' 0

Exercise* 8.9. (a) Prove that for any n € N the equation " + x = 1 has a unique positive
solution z,,.

(b) Prove that

lim z, = 1. O
n—oo






Chapter 9

Integral calculus

9.1. The integral as area: a first look

The Riemann integral is a very complicated infinite summation process that is often required
when we want to compute areas or volumes of more irregular regions.

By way of motivation, let us consider a famous problem first solved by Archimedes by
other means. Consider the arc of parabola in Figure 9.1 given by the equation

y:x2, 0<z<1.

We would like to compute the area of the region R between the x-axis, the parabola and the
vertical line x = 1.

R, y=x?
Jop---------- &
foo )= --
0 Xer | X ] >

Figure 9.1. Computing the area underneath an arc of parabola.

219
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To compute the area of R we subdivide the interval [0, 1] into N equal parts, where N is
a very large natural number. We obtain the points

1 2 N
N, .’EQZN,...,.’EN:N.
For each k = 1,2,..., N we denote by Ry the very thin slice of R of width % delimited by
the vertical lines * = x;_1 and = x3. We have thus decomposed R into N thin slices

Ri,...,Ry and

0=0, 1=

area(R) = Z area(Ry) = area(Ry1) + - - - + area(Ry).
k=1

Now observe that the slice Ry, contains a thin rectangle R, of height f(zx_1) and is contained
in a thin rectangle R}, of height f(zy); see Figure 9.1. Thus

f(xr_1) X (zp, — 21_1) = area(R,,) < area(Ry,) < area(Ry) = f(xx) X (g — Tp_1)-
Since f(xg) = k2 and Thp — Th1 = % we deduce

N2
kE—1)2 k2
u < area(Rg) < —

N3 N3’
and thus
N N N
(k—1)2 k2
k=1 k=1 k=1
~~ "~ R/—/
=:Ly =area(R) =:Un
Thus
Ly < area(R) < Uy. (9.2)
Observe that
L :072+172+...+ (N_1)2 — 12+22+"'+(N_1)2
NTN3 TN N3 N3 ’
12 N*12 N2 12+22++N2
UN:73+"'+!+7: ,
N N3 N3 N3
so that )
N 1
—Ly=— = —.
Uv-In=m=§

For N very large, the difference Uy — Ly is very small and thus the sequence (L) converges
if and only if the sequence (Uy) converges. Moreover, the inequality (9.2) shows that the
common limit of these sequences, if it exists, must be equal to the area of R. To compute the
limit of Un we use the following famous identity whose proof is left to you as an exercise.

N(N +1)(2N +1
12422 4+... 4 N? = ( +é< 1 (9.3)

We deduce that

N(N+1)2N+1) 1INN+4+12N+1 2
Un = 63 6N N N gV

Thus
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This example describes the bare bones of the process called integration. As this simple
example suggests, the integration it involves a sophisticated infinite summation and a bit of
good fortune, in the guise of (9.3), that allowed us to actually compute the result of this
infinite summation.

We will spend the rest of this chapter describing rigorously and in great generality this
process and we will show that in a large number of cases we can cleverly create our good
fortune and succeed in carrying out explicit computations of the limits of infinite summations
involved.

9.2. The Riemann integral

The process sketched in the previous section can be carried out in greater generality. We
present the quite involved details in this section.

Definition 9.1 (Partitions). Fix an interval [a,b], a < b.
(a) A partition P of [a,b] is a finite collection of points xg, x1, ..., x, of the interval such that
a=xg<x1 < <z =0b.

The natural number n is called the order of the partition, while the points xg,...,z, are
called the nodes of the partition. The intervals

[330,361], [3317332]7 ce [xn—l,xn]

are called the intervals of the partition. The interval [zj_1, x| is called the k-th interval of
the partition and it is denoted by I (P). Its length is denoted by Ag(P) or Azy. The largest
of these lengths is called the mesh size of the partition and it is denoted by ||P]|,

P| := —Xp—1) = Ag(P).
1Pl = max () —zg-1) = max Ax(P)

We denote by P, the collection of all partitions of the interval [a, b].

(b) A sample of a partition P of order n is a collection { consisting of n points {1,...,&,
such that

& € In(P), Yk=1,...,n.
The point & is called the sample point of the interval I, (P). We denote by S(P) the collection
of all possible samples of the partition P.

(c) A sampled partition of the interval [a,b] is a pair (P,§), where P is a partition of [a, ]

and £ € 8(P) is a sample of P. 0
a 5 ?2 5 g ) § b
XO XI XZ x3 X4 X5

Figure 9.2. A sampled partition of order 5 of an interval [a, b]. Its longest interval is [x1.22]
so its mesh size is (x2 — z1).
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Example 9.2. Any compact interval [a, b] has a natural partition U, of order n correspond-
ing to a subdivision of [a, b] into n subintervals of order n. More precisely, U, is defined by
the points

1
xo=a, xr1 =a+ —(b—a), xk:a—f—é(b—a), k=0,1,...,n.
n n

The partition U, is called the uniform partition of order n of |a,b]. Note that

b—a

Ul = o

n

Definition 9.3. Let f : [a,b] — R be a function defined on the closed and bounded interval
[a,b]. Given a partition P = (zg < --- < x,) of [a,b], and a sample { of P, we define the
Riemann sum of f associated to the sampled partition (P, §) to be the number

S(f.P.§) = Zf&k )JALP) =) f(&) Afﬂk—ZfEk Tk — Th—1)- O
k=1 k=1

JE)

Figure 9.3. The term f(&x)Axyk is the area of a rectangle.

As depicted in Figure 9.3, each term f(&x)(zr — 2k—1) in a Riemann sum is equal to the
area of a ”thin” rectangle of width Az = (x —x,_1), and height given by the altitude of the
point on the graph of f determined by the sample point & € [zk_1,zk]. The Riemann sum is
therefore the area of the region formed by putting side by side each of these thin rectangles.
The hope is that the area of this rather jagged looking region is an approximation for the
area of the region under the graph of f. The next definition makes this intuition precise.

Definition 9.4. Suppose that f : [a,b] — R is a function defined on the closed and bounded
interval [a,b]. We say that f is Riemann integrable on [a,b] if there exists a real number
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S with the following property: for any £ > 0 there exists 6 = d(¢) > 0 such that for any
partition P of [a,b] with mesh size ||P|| < ¢ and any sample § of P we have

‘S - S(f, P,§) ‘ <e.
Equivalently, as a quantified statement, the above reads
IS eR, Ve>0, 36 =0(¢c) >0, VP € Py, VE€S(P):

|P|<é6=|S—S(f,P¢&|<e. (94)

We will denote by R[a,b] the collection of all Riemann integrable functions f : [a,b] — R. O

Suppose that f : [a,b] — R is Riemann integrable. For any n € N we fix a sample § () of

U,,, the uniform partition of order n of [a,b]. If S is any real number satisfying (9.4), then
from the equality
lim |U,| =0
n—oo
we deduce that
S = lim S(f, U, ™).
n—oo -

Since a convergent sequence has a unique limit, we deduce that there exists precisely one real
number [ satisfying (9.4). This real number is called the Riemann integral of f on [a,b] and

it is denoted by
b
/ f(z)dz.

It bears repeating the definition of f; f(z)dx.

The Riemann integral of f over |a,b], when it exists, is the unique real number f; f(x)dx
with the following property: for any € > 0 there exists = 6 = d(e) > 0 such that for any
partition P of [a,b] with mesh ||P| < 0, and for any sample § of P, the Riemann sum

S(f, P,§) is within € of fff(x)dx, i.e.,

b
[ rwae-s.p.g)| <=

We can loosely rephrase this as follows

P[]0,
£ES(P)

b
/f(x)dx: lim S(f,P,§). (9.5)

Example 9.5. Consider the constant function f : [a,b] — R, f(x) = C, for all x € [a,b]
where C is a fixed real number. Note that for any sampled partition of order n (P, §) of [a, b]
we have

S(f,P,&) = f(&)(z1 —mo) + f(&)(z2 — z1) + -+ + f(&n)(zn — 2p—1)
=C(x1 —29) +C(zg —21) + -+ Clay — Tp_1)
:C((xlfx0)+(x27931)+~-+(a:nfa:n,l)> = C(xp —2z9) =C(b—a).
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This shows that the constant function is integrable and

b
/ Cdz = C(b— a). 0

It is natural to ask if there exist Riemann integrable functions more complicated than
the constant functions. The next section will address precisely this issue. We will see that
indeed, the world of integrable functions is very large. Until then, let us observe that not any
function is Riemann integrable.

Proposition 9.6. Suppose that f : [a,b] — R is a Riemann integrable function. Then f is
bounded, i.e.,

—oo < inf f(x) < sup f(z) < oc.
z€[a,b] €la,b]

Proof. We argue by contradiction. Suppose that f : [a,b] — R is Riemann integrable and
unbounded above, i.e.,

sup f(z) = oo.
z€[a,b]

For any n € N consider the uniform partition U,, of [a,b]. Then there exists k = k(n) such
that f is unbounded the interval Iy = I, of this partition. For j # k fix an arbitrary
sample point &; € I;. Since f is not bounded above on Ij, there exists §; € I} such that

n

f(&) > Acr

Ax;
- Zf(fj)Tj(:)f(fk)Awk +> f(&) Az > n.
; Tk X
J#k J#k
We obtain a sample § (") of U,, and for this sample we have

S(f£UnEM ) = flap)Azp + Y f(&)Az; > n, YneN.
J#k
The Riemann integrability of f implies that the sequence of Riemann sums S ( 5, Un, § () ) is

convergent. This contradicts the last inequality which states that this sequence is unbounded.
O

The above result shows that the function

0, =0,
Fil01] - R, f(rv)={1 i
\/57

is not Riemann integrable because it is not bounded.

9.3. Darboux sums and Riemann integrability

To be able to construct examples of integrable functions we need a criterion for recognizing
such functions, more flexible than the definition. Fortunately there is one such criterion due
to G. Darboux. To formulate it we need to introduce several new concepts.
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Definition 9.7. Suppose that f : [a,b] — R is a bounded function defined on the closed and
bounded interval [a,b]. For any partition P of [a, ] of order n we set

n

S*(f, P) = sup f(x)Axy,
; .Z’GIk(P)

n

S.(f, P) ;:Z inf  f(z)Azy,

1 zely, (P)

W(f, P) = Z OSC(f, Ik’)Axk>
k=1
where

o [;, = I;(P) is the k-th interval of the partition P,
e Auxy is the length of I,

e osc(f, I) denotes the oscillation of f on Ij.

The quantity S*(f, P) is called the upper Darbouz sum of the function f determined by
the partition P, while S, (f, P) is called the lower Darbouz sum of the function f determined
by the partition P. We will refer to w(f, P) as the mean oscillation of f along P. O

Proposition 9.8. If f : [a,b] — R is a bounded function, then for any partition P of [a,b]
and any sample § of P we have

w(f, P) = S*(f,P) — S.(f, P). (9.6b)

Proof. Suppose that P is a partition of order n of [a,b] and { is a sample of P. For
k=1,...,n we denote by I the k-the interval of P and we set

My, == sup f(z), my = inf f(z).
€l zely

Then Mj, — my, = osc(f, I) and
S*(f,P)— S.(f,P) = (MlA:nl +---—|—MnAxn) — (mlAml —|—-~+mnA33n)
= (My —mi)Azy + -+ (My, — my)Azy,
=osc(f,11)Axy + - - + osc(f, I,) Az, = w(f, P).
This proves (9.6b). If { is a sample of P, then
mpAxy < (&) Az, < MipAzy, VE=1,...,n,

so that

kaAxk < Zf(fk)AH?k < ZMkAOCk-

k=1 k=1 k=1
This proves (9.6a). 0
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Corollary 9.9. If f : [a,b] — R is a bounded function then for any partition P of [a,b] and
for any samples §, §’ of P we have

‘S('ﬁP?é)_S(f?P?é/)} Sw(f,P)

Proof. According to (9.6a) the Riemann sums S(f,P,§), S(f, P,&') are both contained
in the interval [S.(f, P), S*(f, P)] so the distance between them must be smaller than the
length of this interval which is equal to w(f, P) according to (9.6b). O

Proposition 9.10. Suppose that f : [a,b] — R is a bounded function and P is a partition of
[a,b]. If P’ is a partition of [a,b] obtained from P by adding one extra node x' in the interior
of some interval of P, then

Thus, by adding a node the upper Darboux sums decrease, while the lower Darboux sums
mcrease.

Proof. The inequality (9.6a) shows that S.(f, P’) < S*(f, P'). Suppose that the extra node
a2’ is contained in (zj_1, k). We set

My, .= sup f(z), mg:= inf f(x).

xelk CCEIk
Then
S.(f,P) = ijij + inf  f(2) (@' —xp_1) + inf f(2) (xp — ')+ ngA:zg
- z€[zK_1,7] [¢/ k]
i<k N , >k
>my >my
> ijA.'L'j +mp(z’ — xp_1) +mp(zp — ') + Z meAxy

i<k >k
< =my(zp—TK_1) Z

= ijA$j + mipAxyg + ngAﬂ?g = ZmiAa:i = S.(f, P).
j<k >k i=1
The inequality
S*(f,P") < S*(f,P)
is proved in a similar fashion.
O

Definition 9.11. Given two partitions P, P’ of [a,b], we say that P’ is a refinement of P,
and we write this P’ = P, if P’ is obtained from P by adding a few more nodes. O

Since the addition of nodes increases lower Darboux sums and decreases upper Darboux
sums we deduce the following result.

Proposition 9.12. Suppose that f : [a,b] — R is a bounded function and P, P" are partitions
of [a,b]. If P' ~ P, then
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Corollary 9.13. Suppose that f : [a,b] — R is a bounded function and P, P’ are partitions
of la,b]. If P' =~ P,

W(f, P) < w(f, P). (9.7)
Proof. From (9.8) we deduce

so that,
(,;J(f7P,):S*(f’P/)—S*(f’P/) SS*(f,P)—S*(f,P):LU(f,P)
d

Given two partitions P, P’ of [a,b] we denote by P U P’ the partition whose set of nodes
is the union of the sets of nodes of the partitions P and P’. Clearly P U P’ is a refinement
of both P and P’. From Proposition 9.12 we deduce the following important consequence.

Corollary 9.14. Suppose that f : [a,b] — R is a bounded function and Py, Py are partitions
of la,b]. Then

S*(f, P1) < S*(f, Py UPl) < S*(f, Py UPl) < S*(f, Po). (98)
O

The above corollary shows that if f : [a,b] — R is a bounded function, then the set
{S*(f,P); PPy}

is bounded below. Indeed, if we denote by U the uniform partition of order 1 of [a, b], then
(9.8) shows that

S*(f7 Ul) < S*(fa P)a VP e 'P[a,b]'
We set
S*(f) = inf{S*(f, P); P c g)[a,b] }

Similarly, the set
{S.(f, P); PPy}
is bounded above and we define
S.(f) :==sup{S.(f, P); P € Py}
Proposition 9.15. If f : [a,b] — R is a bounded function, then
S.(f) < 8*(f) (9.9)
Proof. From (9.8) we deduce that VPo, P1 € P[, 3 we have

= 8.(f) = SlljlpS*(f, Py) < S*(f).



228 Liviu I. Nicolaescu

Definition 9.16. Let f : [a,b] — R be a bounded function.

(a) The numbers S.(f) and respectively S*(f) are called the lower and respectively upper
Darboux integrals of f.

(b) The function f is called Darbouz integrable if S.(f) = S*(f). 0

Theorem 9.17 (Riemann-Darboux). Suppose that f : [a,b] — R is a bounded function.
Then the following statements are equivalent.

(i) The function f is Riemann integrable.
(ii) The function f is Darbouz integrable, i.e., S.(f) = S*(f).
(iii) infpw(f, P) =0, i.e.,

Ve >0, AP € Py w(f, P:) <e. (wo)
(iv) limp|ow(f,P) =0, i.e.,
Ve>0 30=06(e) >0 VP € Py : [Pl <0=w(f,P)<e. (w)

Proof. We will prove these equivalences using the following logical successions
(ii1) <= (i1), (iv) = (i17), (iv) <=(1), (iii) = (iv).

(iii) = (ii). For any € > 0 we can find a partition P. such that w(f, P.) < . Now observe
that

S.(f, Pe) < 8.(f) < 8°(f) < §°(f, P),

and
S*(f,PE)—S*(f,PE) :w(f,PE) <e.
Hence
0 < S*(f) = Su(f) < S*(f, Pe) = Su(f, P:) <&, Ve>0,
so that

S«(f) = S*(f)-
(ii) = (iii). We know that S.(f) = S*(f). Denote by S(f) this common value. Since

we deduce that for any ¢ > 0 there exists a partition P such that

S(f) =5 < S£.PD) < S(P).

Since
S(f) = (/) = inf §°(f. P),
we deduce that for any € > 0 there exists a partition P such that

S(f) < S*(£.P) < S()+ 5

Hence

DO ™

S(f) =5 < Sf.P2) < S (1. PH) < S() +
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Now set P. := P- U PT. We deduce from (9.8) that

S(f) = 5 < S, P2) <Su(f,P:) < S'(f, P)< S*(f.PL) < S(F) +

DO ™

This proves that
w(f,Pe) = S*(f,P:) — S«(f,P:) <e.
(iv) = (iii). This is obvious.
(iv) = (i). From the above we deduce that S.(f) = S*(f). We set
S(f) = 8.(f) = 5°(f).
We will show that f is integrable and its Riemann integral is S(f).
Fix ¢ > 0. According to (w), there exists 6 = §(¢) > 0 such that for any partition P of
[a, b] satistying ||P|| < § we have
w(f,P) <e.
Given a partition P such that ||P|| < and £ a sample of P we have
S.(f,.P)<S(f,P,§) <S5 (}.P).

Thus both numbers S(f) and S(f, P,&) lie in the interval [S.(f, P),S*(f, P)] of length
w(f, P) < e. Hence

| S(f,P,&) = S(f)| <&, Y|P| <d(e), VEe8(P).
This proves that f is Riemann integrable.

(i) = (iv). We have to prove that if f is Riemann integrable, then f satisfies (w). We first
need an auxiliary result.

Lemma 9.18. Suppose that f : [a,b] — R is a bounded function. Then for any ¢ > 0 and
any partition P of [a,b] there exist samples §’ and é” of P such that

S*(f,P) Ss(f7P7§/) <S*(f7P)+57
S*(f7P)_€<S(faP7§”) SS*(f7P>

Proof. We prove only the statement involving é’. The proof of the existence of é" with the stated property is similar.
Denote by n the order of P and by Ij the k-th interval of P and, as usual, we set

my = Zlél]f ().
k
In particular, there exists 5;6 € I;, such that
€
my < f(&) <mk+m-

The collection §' = (&,)1<k<n is a sample of P satisfying

mp(wr — zp—1) < FE) (@K — 2p—1) < my(Tp — Tp—1) + ia(lk —Tp_1)-

b

Hence

Sc(fiP) =Y my(y —awp-1) < > f(&) (@K — zp-1)
k=1 k=1

=S(f,P,¢")
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n

- £
<> mg(we — ka—l)"Fm D @k —wp_1) = Su(f, P) +e.
k=1 k=1

=S.(f,P) =(b—a)

We can now complete the proof of (w). Since f is Riemann integrable, there exists Sy € R
such that, for any € > 0 we can find 0 = (¢) > 0 with the property that for any partition P
with mesh size ||P|| < ¢ and any sample { of P we have

|S;— S(f,P,&)| < Z. (9.10)
According to Lemma 9.18 we can find samples £ and £” such that

‘S*(f,P)—S(f,P,él) ‘7 |S*(f7P) —S(ﬁP:ﬁ”)‘ < (9'11)

=~ m

If |P|| < 4, then

< ‘S*(f,P)—S(f,P,gl)‘—i—}S(f,P,g,)—S(f,P,é//)‘+‘S(f,P,é”)—S*(f,P>‘

(9.11)
S P - S P+

+ - =c.

4
9.10) ¢
< | < 3

] ™

+|8(£.P.E) = Sp|+|Sr — S(.P.E") v

| ™

(iii) = (iv). We have to show that if f satisfies (wq), then it also satisfies (w). We need the
following auxiliary result.

Lemma 9.19. Suppose that Py = {a = 20 < z1 < -+ < zn, = b} is a partition of |a,b] of
order ng. Denote by \g the length of the shortest intervals of the partition Py, i.e.,

Ao 1= i C— 2 ).
0 ér;gm(za zj-1)

For any partition P such that | P|| < Ao we have
w(f, P) < (no — D[P osc(f, [a, b]) + w(f, Po). (9.12)

Proof. Denote by I1,..., I, the intervals of Po. Denote by n the order of P, and by Ji,...,J, the intervals of P.
We will denote by £(Jy) the length of Jj, and by £(I;) the length of I;

Since £(J) < €(I;),Vj=1,...,n0, k=1,...,n we deduce that the intervals Jj of P are of only the following two
types.
Type 1. The interval Ji is contained in an interval I; of Py.
Type 2. The interval Ji contains in the interior a node z; () of Py.

We denote by g! the collection of Type 1 intervals of P, and by J? the collection of Type 2 intervals of P. We

remark that J2 could be empty. Moreover, for any node z; of Pg there exists at most one Type 2 interval of P that
contains z; in the interior. Thus J2 consist of at most ng — 1 intervals, i.e., its cardinality |32\ satisfies

|9%] < mo — 1.
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We have .
w(f,P Zosc fr Je)l(J) = Z osc(f, Jik)l(Jx) + Z osc(f, Ji)l(Jk) -

= jredt J, €32

=:51 =:59
‘We now estimate Sp from above
ng
St=> | D osc(f, Jk)l(Jx)
j=1 \JpClI;
(osc(f, Ji) < osc(f,I;) whenever Ji, C I;)

<Z<Z osc(f, I;)¢( Jk) Zoscf, (Z Jk)) <ZOSCf, 2(I;) = w(f, Po).

j=1 \JCI; JpCI; j=1

<e(I;)
Now observe that if Ji is a Type 2 interval of P, then £(Jx) < ||P|| and osc(f, Jx) < osc(f, [a,b]). Hence
S2 < Y osc(f, [a,B)[|P < [8%[ose(f, [a, B])IIP|| < (no — 1) osc(f, [a, b]) | P|.
Jp€d?

Hence
w(f’ P) =51+ 52 < (’I”LO - l)OSC(f, [avb})HP” +w(f7 PO)

Returning to our implication (wg) = (w), we observe that (wg) implies that for any ¢ > 0
there exists a partition P. such that

€
Denote by n. the order of P, and by xg < z; < --- < z,,_ the nodes of P.. We set
Ae == 1%1131}15(% —Tj_1).

Now choose 0 = d(¢) > 0 such that

9 . £
0 < )\5 and (ns - 1) OSC(f7 [a7b])5 < 5 < 0 <min </\€’ 2(”5 - 1)OSC(f, [a7 b]) ) .

If P is an arbitrary partition of [a, b] such that || P| < é(¢), then Lemma 9.19 implies that
w(f, P) < (ne — 1) osc(f, [a, b3 +w(f, Po) < c.

This proves that f satisfies (w) and completes the proof of the Riemann-Darboux Theorem.
g
We record here for later use a direct consequence of the above proof.

Corollary 9.20. Suppose that f : [a,b] — R is a Riemann integrable function. Then

/ fla)d = 8.(f) = 8°(). (9.13)
In particular,
b
S.(f,P) < / f(z)dz < S*(f,P'), VP,P' € Plap- (9.14)
O
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9.4. Examples of Riemann integrable functions

We are now going to collect the reward for the effort we spent proving the Riemann-Darboux
theorem.

Proposition 9.21. Any continuous function f : [a,b] — R is Riemann integrable.

Proof. We will use the Riemann-Darboux theorem to prove the claim. Note first that the
Weierstrass Theorem 6.14 shows that f is bounded.

To prove that f satisfies (w) we rely on the Uniform Continuity Theorem 6.29. According
to this theorem, for any £ > 0 there exists § = §(¢) > 0 such that for any interval I C [a, ]

of length < ¢ we have
€

b—a
If P is any partition of [a, b] of order n and mesh size || P|| < §(g), then for any interval I}, of
P we have

osc(f,I) <

£
k) <
osel . 1y) < 5
Hence
n c n
w(f,P)= Zosc(f, I Az, < v ZAxk =e.
k=1 k=1
—_——
=(b—a)

This shows that f satisfies (w) and thus it is Riemann integrable. 0

Example 9.22. The function f : [0,1] — R, f(z) = 22 is continuous and thus integrable.
Thus

1
/ 22de = lim S.(f,Uy),
0 N—oo

where Uy denote the uniform partition of order N of [0,1]. Since f is nondecreasing we
deduce that S, (f,U y) coincides with the sum Ly defined in (9.1). As explained in Section
9.1 the sum Ly converges to % as N — oo. O

Proposition 9.23. Any nondecreasing function f : [a,b] — R is Riemann integrable.

Proof. Clearly f is bounded since f(a) < f(z) < f(b), Va € [a,b]. If P is any partition of
[a, b] of order n, then for an interval I}, = [xp_1, x| of this partition we have

osc(f, Ix) = f(xx) — f(@r—1),
osc(f, I) Axy < osc(f, I) |1 Pl = | PI|( f(zx) — flax-1))
so that
w(f, P) =" osc(f, ) Awy < | P> _(f(wr) = fer-1)) = IPI(f(B) = f(a)).
k=1 k=1

This shows that f satisfies (w) since
IPI(£() — f(a)) =0.

lim
IPl|—0
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Proposition 9.24. Suppose that f : [a,b] — R is a bounded function which is continuous on
(a,b). Then f is Riemann integrable.

Proof. We will prove that f satisfies (wg). Fix € > 0 and choose a positive real number d(¢)
such that

osc(f, [a, b)d(e) < Z (9.15)

Denote by J. the compact interval J. := [a + d(g),b — d(¢)]; see Figure 9.4.
The restriction of f to J: is continuous. The Uniform Continuity Theorem 6.29 implies
that there exists § = d(¢) < d(e) with the property that for any interval I C J. of length

0(I) < (e) we have
€
osc(f,I) < Sb—a)

Consider a partition P, of order n of J; satisfying || P|| < d(¢). We denote by I, k=1...,n
the intervals of Pg; see Figure 9.4. We set

L= [a,a+d(e)], T*=[b—d(e),b].

(9.16)

I] 12 In I

a . a+d(e) b- d(e) b

Figure 9.4. Isolating the possible points of discontinuity of f.

The collection of intervals
L, Iy,....I,, I*

defines a partition P, of [a, b]; see Figure 9.4. We have

w(f, P.) = osc(f, I,) ZOSC i Ip)(I) + osc(f, I)e(I").
=T, k=1 =T
=T
Note that
L) = 0(I7) = d(e).
so that
(9.15) ¢
T = osc(f, Ii)d(e) < osc(f, [a,b])d(e) <~ 7,
(9.15) ¢
T* = osc(f, I*)d(e) < osc(f,[a,b])d(e) < T
Moreover,

T = Xpmﬂ@ m) Zyu

Hence,

fa 9 9 3
P)=T+T+T'<-+_-+-=
w(f, Pe) +T+T" < +5+7=¢

This proves that f satisfies (wp) and thus it is Riemann integrable. O
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0.5

-0.5

Figure 9.5. A wildly oscillating, yet Riemann integrable function.

Remark 9.25. Proposition 9.24 has some surprising nontrivial consequences. For example,
it shows that the wildly oscillating function (see Figure 9.5)

f:0,1] =R, f(z)= {Sin@), z € (0,1],
0, z =0,

is Riemann integrable. O

Proposition 9.26. Suppose that f : [a,b] — R is a bounded function and ¢ € (a,b). The
following statements are equivalent.

(i) The function f is Riemann integrable on |a,b].
(ii) The restrictions of flia,q and flicy of f to [a,c] and [c,b] are Riemann integrable
functions.

Moreover, if f satisfies either one of the two equivalent conditions above, then

/abf(m)da: = /acf(w)dx + /cbf(a?)da:. (9.17)

Proof. (i) = (ii). Suppose that f is Riemann integrable on [a,b]. Given a partition P’ of
[a,c] and a partition P” of [c, b] we obtain a partition P’ x P" of [a, b] whose set of nodes is
the union of the sets of nodes of P’ and P”. Note that

|P"+ P"|| < max{ | P[], [P},
and
w(fvpl*P//) :w(f|[a,c]7P/)+w(f‘[c,b]7P/)'
Since f is Riemann integrable on [a, b], it satisfies the property (w) so, for any ¢ > 0, there

exists 0 = d(g) > 0 such that, for any partition P of [a,b] with mesh size || P|| < d(¢), we
have

w(f,P) <e.
If the partitions P’ and P” satisfy

max{ [|[P'[l, [P"| } <d(e),
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then ||P’* P"|| < §(¢) so that

w(f’[a,c}vpl) +w(f’[c,b]7P//) - w(fv P’ % PH) <é.
This shows that both restrictions f|(,  and f]. ) satisfy (w) and thus are Riemann integrable.
(ii) = (i). We will prove that if f|,  and f|.; are Riemann integrable, then f is integrable

on [a,b]. We invoke Theorem 9.17. It suffices to show that f satisfies (wp). Fix ¢ > 0. We
have to prove that there exists a partition P, of [a,b] such that w(f, P.) < e.

Since fljq,q and flip are Riemann integrable, they satisfy (wp), and we deduce that
there exist partitions P~ of [a, ], and P of [c,b] such that

w(f, P, w(f,PY) < 3.
Then P. = P. % P! is a partition of [a, b], and
w(faPE) :w(f7P;)+w(f’P,5/) <€

To prove (9.17) assume that f satisfies both (i) and (ii). Denote by U’, the uniform partition
of order n of [a,c] and by U, the uniform partition of order n of [c, b]. Set

P,=U,xU..
Note that
| Py || :max(||U;L||, HU;;H) — 0 as n — oo. (9.18)

Denote by gl the midpoint sample of U’,, and by g; the midpoint sample of U’,. Then
§ =¢ U g; is the midpoint sample of P,,. We have

S(f,Pn,§,) = S(£,U,.¢) +5(f,Up.€"). (9.19)
From (i), (9.18), and (9.5) we deduce that

lim S(f, Pr,€ ) /f

n—oo

From (ii), (9.18), and (9.5) we deduce that

lim S(f,U /f

n—o0

thf,U” ) /f )dx.

The equality (9.17) now follows from the above three equalities after letting n — oo in (9.19).
O

Applying Proposition 9.26 iteratively we deduce the following consequence.
Corollary 9.27. Suppose that f : [a,b] — R is a bounded function and
P=(a=xy<z1 < -+ <zp=0>)
is a partition of a,b]. Then the following statements are equivalent.

(i) The function f is Riemann integrable on |a,b].

(ii) For any k =1,...,n the restriction of f to [xp_1,xk| is Riemann integrable.
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Moreover, if any of the above two equivalent conditions is satisfied, then

/ab fx)dz = /:1f(x)dx+/:f(x)dx+...+/zi1 Flz)da. (9.20)

Corollary 9.28. If f : [a,b] — R is a bounded function and D C la,b] is a finite set such
that f is continuous at any point in [a,b] \ D, then f is Riemann integrable.

Proof. We add to D the endpoints a,b if they are not contained in D and we obtain a
partition P of [a,b] such that f is continuous in the interior of any interval [zj_1, x| of P.
Proposition 9.24 implies that f is Riemann integrable on each of the intervals [zj_1, 2% and
Corollary 9.27 implies that f is integrable on [a, b]. O

Proposition 9.29. If f,g : [a,b] — R are Riemann integrable, then for any constants
a, € R the sum af 4+ Bg : [a,b] — R is also Riemann integrable and

b b b
/ (of (z) + Bg(x) )dx = a/ f(z)dx + 5/ g(x)dx. (9.21)

Proof. We will show that f satisfies the definition of Riemann integrability, Definition 9.4.
Observe first that if (P, &) is a sampled partition of [a,b], then

S(a,f + B9, P,€) = aS(f, P,€) + BS(g, P.£). (9.22)
Indeed, if the partition P is

P={a=xy<z1< - <zp_1 <y =0},
and the sample £ is { = ({x)1<k<n, then
S(a, f+B89,P.&)=> (af()+Bg())Axe =D af()Azi+ Y Bg(&)Axy
k

! k
=a) f&)Az,+ 8> g(&) Az, = aS(f, P,&) + BS(g, P, §).
p !

Set
= (lof + B8]+ 1).
Fix € > 0. Since f is Riemann integrable, there exists d; = d1(g) > 0 such that, VP € Py,
V¢ € §(P) we have
€
|Pl| < 61 = | S(f, P,€) - / Fla)de| < <. (9.23)
Since g is Riemann integrable, there exists do = d2(e) > 0 such that, VP € P4, V€ € 8(P)

we have

b
|P| <6, = | S(g,P.€) - / () | < = (9.24)

Set
6 = 6(e) :==min( 8 (e), da(e) ), S—a/f da:—l—ﬁ/
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Let P € P,y be an arbitrary partition such that ||[P|| < . Then for any sample £ € S(P)
we have

(9:22)

S(ar+00.2.0 51" |a(s0.2.9 - [ @) +5(860.P.0 - [ otwiar )

QMWSMPﬂ—L?@mf+w¢swP@—Lme

(use (9.23) and (9.24) )

€ € lae] + ||
< l|la|— + — = ———c < €.
<I |K |’8|K la + |8 + 1

This proves that of + ¢ is Riemann integrable and

/abf(a:)d:c =8 = a/abf(a:)da: + B/abg(x)dx.

g
Corollary 9.30. Suppose that f,g : [a,b] — R are two functions such that
f(x) = g(x), Yz € (a,b).
If f is Riemann integrable, then so is g and, moreover,
b b
/ f(z)dx = / g(x)dx. (9.25)

Proof. Consider the difference h : [a,b] — R, h(z) = g(z) — f(z), Yz € [a,b]. Note that h is
bounded on [a, b] and continuous on (a,b) because h(z) = 0, Yz € (a,b). Using Proposition
9.24 we deduce that h is Riemann integrable on [a,b]. Since g = f + h, we deduce from
Proposition 9.29 that g is Riemann integrable on [a, b] and

/abg(x)dx = /abf(a:)dx + /ab h(z)dz.

Thus, to prove (9.25) we have to show that

/a ’ )z = 0.

To do this, denote by U, the uniform partition of order n of [a,b], and denote by { () the
sample of U,, consisting of the midpoints of the intervals of U,,. Then

S(h,U,, M) =0.

Since h is Riemann integrable, we have

n—o0

b
/ h(z)dzr = lim S(h,U,, ™) =0.
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Example 9.31. We say that a function f : [a,b] — R is piecewise constant if there exists a
partition

P=(a=xy<z1<---<x,=0)
and constants ci,...,c, such that for any £k = 1,...,n the restriction of f to the open
interval (zx_1,xk) is the constant function c;. From the above corollary we deduce that
f is Riemann integrable on each of the intervals [ry_1,2x]. Moreover, the computation in
Example 9.5 implies that

xT

' f(t)dt = Ck<37k - xk,1>.

Tk—1

Corollary 9.27 implies that f is Riemann integrable on [a, b] and

b
/ f(@)dx = c1(z1 — x0) + -+ - + cn(xn — Tp—1). O

Proposition 9.32. Suppose that f : [a,b] — R is a Riemann integrable function, J is an in-
terval containing the range of f and G : J — R is a Lipschitz function. Then Gof : [a,b] — R
is Riemann integrable.

Proof. Fix a positive constant L such that

G(y1) = Gly2)| < Llyy — w2l Vyr,y2 € J.
Observe that for any X C [a,b] and any z/,2” € X we have
|Go f(2') = Go f(a")| < LIf(2") — f(a")].
Hence
osc(Go f,X)= Y |Gof(a)=Gof(a")|<L > |f@@) - f@a") = Losc(f, X).
a!z’ e X a!ae X
We deduce as in the proof of Proposition 9.29 that for any partition P of [a, b] we have
w(Go f,P) < Lw(f, P).
Since f is Riemann integrable we deduce that

lim w(f,P)=0
P[] —0 ( )

so that

lim w(Go f,P)=0.
| P||—0 ( f, P)

O

Corollary 9.33. Suppose that f : [a,b] — R is Riemann integrable. Then f? is also Riemann
integrable on [a,b).

Proof. Since f is Riemann integrable it is bounded so its range is contained in some interval
[-M,M], M > 0. The function G : [-M, M] — R, G(z) = 2? is Lipschitz on this interval
because for any =,y € [-M, M] we have

G(z) = Gy)| = |2* = ?| = |z +y| - |z — y| < (J2] + [yD]z — y| < 2M |z —y|.

Proposition 9.32 implies that G o f = f? is Riemann integrable. O
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Corollary 9.34. If f,g: [a,b] — R are Riemann integrable, then so is their product fg.

Proof. The function f + g is integrable according to Proposition 9.29. Invoking Corollary
9.33 we deduce that the functions (f + g)?, f2, ¢ are Riemann integrable. Proposition 9.29
now implies that the function

%((f+g)2—f2—92> = (fP+P+2f9—Ff—-9¢*)=Tfg

is Riemann integrable. O

N —

Corollary 9.35. Suppose that f : [a,b] — R is Riemann integrable. Then the function |f| is
also Riemann integrable.

Proof. The function G : R — R, G(y) = |y| is Lipschitz so the function G o f = |f] is
Riemann integrable. O

= A very useful convention. We denoted the Riemann integral of a function f : [a,b] — R

with the symbol
b
|t

where the lower endpoint a is at the bottom of the integral sign [ and the upper endpoint b
is at the top of the integral sign. We define

/b“ f(x)dx = — /abf(ac)dx, /aaf(x)da: —0.

There are several arguments in favor of this convention. For example, we can rewrite (9.30)
as

b a
16 = 5= [ f@de = — [ . (9.26)

This formulation will be especially useful when we do not know whether a < b or b < a. The
above equality says that it does not matter.

Another advantage comes from the following additivity identity.

/ac f(z)de = /ab f(x)dz + /b f(z)dz, Ya,b,ce€R. (9.27)

If a < b < ¢, then (9.27) is an immediate consequence of Corollary 9.27. When the numbers
a, b, c are situated in a different order, the identity (9.27) is still a consequence of Corollary
9.27, but in a more roundabout way. For example, if a =0, b =2 and ¢ = 1, then

/Olf(x)dx:/02f(:6)dx—/12f(:1:)d3::/OQf(a:)dx+/21f(x)dx. 0

9.5. Basic properties of the Riemann integral

Now that we have seen how the concept of integrability interacts with the basic arithmetic
operations on functions we want to discuss a few simple techniques for estimating Riemann
integrals. All these techniques are based on the following simple result.
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Proposition 9.36. Suppose that f : [a,b] — R is Riemann integrable and f(x) > 0 for any

x € [a,b]. Then
/bf(w)d:c > 0.

Proof. Denote by U; the partition of [a,b] consisting of a single interval. Then

. b
0 (int f@)0-a) =8.(.0) = [ sy

z€[a,b]
O

Corollary 9.37. If f,g : [a,b] — R are Riemann integrable functions and f(x) < g(x),

Vz € [a,b], then
b b
/ f(z)dz S/ g(z)dz.

Proof. The function (g — f) is integrable and nonnegative so

/abg(a:)dm — /ab f(z)dx = /ab(g(x) — f(x))dz > 0.

O

Corollary 9.38. If f : [a,b] — R is Riemann integrable, then

b b
/ F@)de| < / ()] da. (9.28)
Proof. We know that
f(x) < [f(@)| and — f(z) < [f(z)], Vo € la,b].
Hence
/f da;</|f )|dz and /f dm</]f )|dx.

The last two inequalities imply (9.28).

O

Corollary 9.39. Suppose that f : [a,b] — R is a Riemann integrable function. We set
m:= inf f(z), = sup f(x).

z€[a,b] :ce[a,b}

Then
b
m(b— a) < / f(@)dz < M(b—a).
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Proof. We have
m < f(x) <M, Vz € [a,b],
so that

m(b—a)—/abmdacg/abf(:r)dxg/abde—M(b—a).

Definition 9.40. If f : [a,b] — R is a Riemann integrable function, then the quantity

bia/abf(x)dx

is called the average value of f, or the mean of f, or the expectation of f and we denote it
by Mean(f). 0

We see that we can rephrase the inequality in Corollary 9.39 as

inf f(z) <Mean(f) < sup f(x). (9.29)
z€[a,b] z€[a,b]

Theorem 9.41 (Integral Mean Value Theorem). Suppose that f : [a,b] — R is a continuous
function. Then there exists £ € |a,b] such that

f(§) = Mean(f),

i.e.,

b
1€ =5 [ rads (9.30)

Proof. Let

m:= inf f(z), M = sup f(z).
z€[a,b] z€la,b]

Then (9.29) implies that Mean(f) € [m, M].

On the other hand, since f is continuous we deduce from Weierstrass’ Theorem 6.14 that
there exist z,, " € [a, b] such that

fla) =m, f(*)=M.

Since Mean(f) € [f(z4), f(z*)] we deduce from the Intermediate Value Theorem that there
exists £ in the interval [z, z*] such that f(§) = Mean(f). 0

Theorem 9.42. Suppose that f : [a,b] — R is a Riemann integrable function. We define
F:la,b] > R, F(x) ::/ f(t)dt.

Then the following hold.

(i) The function F is Lipschitz. In particular, F is continuous.
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(i) If the function f is continuous, then the function F(x) is differentiable on [a,b] and
Fl(z) = f(z), Yz € [a,b].
In other words, F(x) is an antiderivative of f, more precisely the unique antideriv-

ative on [a,b] such that F(a) = 0.

Proof. (i) We set

M= sup |f(z)]
z€a,b]
If x,y € [a,b], x < y, then

P - F)l = 1) - £l =| [ s0ae— [ o)

/xyf(t)dt’ < /xylf(t)!dt < /:Mdt:M(y—fE) = Mz —yl.

This proves that F' is Lipschitz.
(ii) We have to prove that if zg € [a, b], then

i Fla) = Flao)

T—xQ T — X

= f(zo).
Using (9.27) we deduce
F(a)~ Flao) = [ 10t~ [" = [ g

so that we have to show that

1 xT
ag%x_xoéaﬂwﬁzf@w

In other words, we have to prove that for any ¢ > 0 there exists 6 = d(g) > 0 such that

1
Tr — X

Vr € la,b], 0< |z —x0| <=

/Tﬂﬂﬂ—f@w

<e. (9.31)

Since f is continuous at zg, given € > 0 we can find § = d(¢) > 0 such that
Va € [aab]7 |$ —(L'()| <d= ’f((L') - f(l'())’ <Eé.
On the other hand, invoking the continuity of f again, we deduce from the Integral Mean
Value Theorem that, for any x # zq, there exists &, between xg and x such that
1 x
fe) = [ s
o

Tr — X

In particular, if |x — zg| < d, then |{; — x¢| < J, and thus

1
Tr — X0

= |f(&) = flzo)| <e.

/V@wﬂm>
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9.6. How to compute a Riemann integral

To this day, the best method of computing by hand Riemann integrals is the fundamental
theorem of calculus.

Theorem 9.43 (The Fundamental Theorem of Calculus: Part 1). Suppose that f : [a,b] — R
s a function satisfying the following two conditions.

(i) The function f is Riemann integrable.
(ii) The function f admits antiderivatives on |a,b].

If F : [a,b] — R is an antiderivative of f, then

b
f(x)dx = F(x) ' = F(b) — F(a). (9.32)

a

More generally,

/fﬂ f(t)dt = F(z) — F(a), Yz € [a,b. (9.33)

Proof. Denote by U,, the uniform partition of [a, b] of order n. Since f is Riemann integrable
we deduce that for any choices of samples § (") of U,, we have

b
/a f(z)dz = nh_)n(r)lo S(/f, Un,§(”) ).
The miracle is that for any n we can cleverly choose a sample
€ = (...

of U,, such that the Riemann sum S ( 1, Un,g(")) has an extremely simple form. Here are
the details.

The k-th node of Uy, is 2} = a + £(b — a) and the k-th interval is I = [2}_,,2}]. The
function F is differentiable on the closed interval [a, b] and, in particular, it is continuous on

[a,b]. We can invoke Lagrange’s Mean Value Theorem to conclude that, for any k = 1,...,n,
there exists £ € (z}_,2}) such that

Fap) — F(zy_y)

Flgn) = Pl(gh = —E =L
|
ie.,
FE) @y = wjy) = Flag) = F(g_y).
The collection (£7,...,§)) is a sample (") of the partition U,,. The associated Riemann sum
satisfies

S(f.Un€™) = FEN @) — ap) + F(€5) (@5 — af) + - + F(E) (@) — 2fi_y)
= F(a7) = Fag) + F(zy) = F(af) + - + F(ay) — Flap_y)

(the above is a telescopic sum!!!

)
— F(a}) - F(a}) = F(b) — F(a).
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Thus the sequence of Riemann sums S(f, Uy, § (")) is constant, equal to F(b) — F(a). Hence

b
/ f(z)de = lim S(, U,, (™) = F(b) — F(a).
Applying (9.32) to the function The equality (9.33) follows by O

Corollary 9.44 (The Fundamental Theorem of Calculus: Part 2). Suppose that f : [a,b] — R
is a continuous function. Then f admits antiderivatives on [a,b] and, if F(x) is any anti-
derivative of f on |a,b], then

b T
/ Fa)de = F Z:: F(b) — F(a), F(z)= F(a)+ / FOdt, Vo clab.  (9.34)

Proof. The fact that f admits antiderivatives follows from Theorem 9.42(b). The rest follows
from Theorem 9.43. g

Remark 9.45. (a) Theorem 9.43 shows that the computation of Riemann integral of a
function can be reduced to the computation of the antiderivatives of that function, if they
exist. As we have seen in the previous chapter, for many classes of continuous function this
computation can be carried out successfully in a finite number of purely algebraic steps.

If we ponder for a little bit, the equality (9.32) is a truly remarkable result. The left-
had-side of (9.32) is a Riemann integral defined by a very laborious limiting process which
involves infinitely many and computationally very punishing steps. The right-hand-side of
(9.32) involves computing the values of an antiderivative at two points. Often this can be
achieved in finitely many arithmetic steps!

The attribute fundamental attached to Theorem 9.43 is fully justified: it describes a
finite-time shortcut to an infinite-time process.

(b) Both assumptions (i) and (ii) are needed in Theorem 9.43! Indeed, there exist func-
tions that satisfy (i) but not (ii), and there exist function satisfying (ii), but not (i). Their
constructions are rather ingenious and we refer to [5] for more details. Note that the contin-
uous functions automatically satisfy both (i) and (ii). O

Example 9.46. For k& € N consider the continuous function f : [0,1] — R, f(z) = 2*. The
function F(z) L_z*+1 is an antiderivative of f and (9.34) implies

:TH_:U
1
1 L
k k+1
R
/Omg: kr1s o k+t

In particular, for £k = 2 we deduce
1
1
/ 22dr = .
0 3

This agrees with the elementary computations in Section 9.1. O

The techniques for computing antiderivatives can now be used for computing Riemann
integrals. As we have seen, there are basically two methods for computing antiderivatives: in-
tegration by parts, and change of variables. These lead to two basic techniques for computing
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Riemann integrals. In applications most often one needs to use a blend of these techniques
to compute a Riemann integral.

9.6.1. Integration by parts. We state a special case that covers most of the concrete
situations.

Proposition 9.47. Suppose that that u,v : [a,b] — R are two Ct functions, i.e., they are
differentiable have continuous derivatives. Then uv’' and u'v are Riemann integrable and

b

b b
/u(x)v’(:v)dx:u(x)v(x) —/ v(z)u' (x)dz | (9.35)

a

Proof. The functions u/v and uv’ are continuous since they are products of continuous func-
tions. In particular these functions are integrable, and we have

/ "ol 1 / o () = / ' (W @)e(@) + (@) (@) )da

9:32) b

b
= [y @ " ueye)

The equality (9.35) is now obvious. 0

R
Remark 9.48. The integration-by-parts formula (9.35) is often written in the shorter form

b b b
/udv:uv —/ vdu. (9.36)

a

Observing that

we deduce that

a a a
/ udv = uv —/ vdu,
b b Jy

even though the upper limit of integration a is smaller than the lower limit of integration b.0

Example 9.49. For any nonnegative integers m,n we set
1
Tpon = / (& — 1) (2 + 1)"d. (9.37)
-1

This integral is theoretically computable because (z —1)™(x+1)" is a polynomial. Its precise
form is obtained via Newton’s binomial formula and the final result is rather complicated.
For example

(-1} zx+1)3=(@* 22+ 1)(23+32° +3x +1) =2 +2* — 223 — 222 + 2 + 1.

In general, we need to multiply the two polynomials in the right-hand-side of (9.37) to
obtain the explicit form of (z — 1)™(x + 1)”. This is an elaborate process which becomes
increasingly more complex as the powers m and n increase. However, an ingenious usage of
the integration-by-parts trick leads to a much simpler way of computing I, .
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Let us first observe that

from which we deduce

1
1 1
Tom = /_1(33+ e = — (e + 1)

Observe now that if m > 0, then

1 1
1 d
Im,n:/_l(x—l)m(x+1)ndx: n+1/ (x—l)m%(x—i—l)”""ldx

(9.38)

1 m 1
—1 n+1 -1

1
— _1m 1n+1‘
@)

=0
We obtain in this fashion the recurrence relation

m
Inp = == Imoini1, ¥m >0, n>0. (9.39)

If m — 1 > 0, then we can continue this process and we deduce

m— 1] N m(m — 1)
n42 TR T G ) (n 4 2)
Iterating this procedure we conclude that

mm-—1)---2-1
m+1)(n+2)---(n+m-—1)(n+m

m! 1
(n + ]_) ... (’I’L + m) 0,n+m ( ) (n+m) 0,n+m

m

Im—l,n—i—l = - Im—27n+2-

Im,n = (_1)m )IO,n—l—m

= (1"
Invoking (9.38) we deduce
1 2n+m+1

o = O

(9.40)

When m = n we have
1 1
Lon = / (z— 1)"(z + 1)"d = / (22 — 1)"da
-1 1
and we conclude that

1 _1\n 2n+1
/1(:1:2 —1)'dx = Iy = ((2;1; : (;n e (9.41)

Example 9.50 (Wallis’ formula). For nonnegative integer n we set

I, = /2 (sinz)" dx.
0

Note that
T=7

=1

, I1:/ sinxdxr = (— cosx)
0 =0
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In general, we have

s
33:5 s

+/2 cosx d(sinx)"
0

™

Iy = /02 (sinz)"d(—cosx) = (sinx)"(— cosz)

=0

2 P
= n/ (sinz)" ! cos® z dx = n/ (sinz)" (1 —sin® z) de = nly_1 — nl,q;.
0 0

Hence n
We deduce . . 5 41
T T
Lh=-Iy==-—, 1=-I,=--—
2 0 2 27 4 A 2 49 27
and, in general,
2n—1 317
Iyy=—---—= —. 4
T oy 1272 (9.43)
Similarly,
2 2 4 42
I3=-I1 ==, Iy=-I3=-—
3 1=3 b=gh=c5
and, in general,
2n 42
= cee— = 9.44
T on 11 53 (0.44)
Since sinz € [0, 1], Yz € [0,7/2] we deduce
(sinz)"™! < (sinz)", Vz € [0,7/2],
and thus,
In+1 S In, Vn € N.
We deduce
2n_ (942) Tonya < Ionqa <1
2n + 1 Ion 1 I,
From the above equalities we deduce
lim 220+ _ g
n—0o0 I27’l
Using (9.43) and (9.44) we deduce
Iy 2 1 2242...(2n)?
I, 7 2n+1 1232...(2n—1)%
This implies the celebrated Wallis” formula
7 .. Iy , 224%...(2n)? 1
- =1 . . 9.45
2 T 2nteo I,  nooo1232...(2n—1)2 2n+ 1 (9:45)
Later on, we will need an equivalent version of the above equality
2n+11. 224%...(2n)?2 1
T T gy Dbt g @n)” 1 (9.46)
2 2n-00 2n Iy, n—>01232---(2n—1)2 2n
g

Let us discuss another simple but useful application of the integration-by-parts trick.
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Proposition 9.51 (Integral remainder formula). Let n € N and suppose that f : [a,b] — R is
a C" L function, i.e., (n+1)-times differentiable and the (n+ 1)-th derivative is continuous.
If xg € [a,b] and T, (z) is the degree n-Taylor polynomial of f at xo,

/ (n) T
To(@) = f(z0) + f$) f7£”

then the remainder Ry (x) := f(x) — T,(x) admits the integral representation

(@ —20) + -+ +

x —x0)",

Ru(w) = — / Fe t)"dt, Vr € [a,b]| (9.47)

Proof. Fix x # xg. We have

1) = [ foa=- [ pufa-n
o e

:f@@@—x@—/fﬂwz(?@—wﬁdt

= Flao)(e —a0) — (5Ot

= —(ry@-1

:ﬂmw@—w@+ffﬁhm—mﬁ—;/°ﬂ%w$< b
= f(zo)(z — x0) + f//(;O) (z — x0)? — %(f(?’)(t)(:n — )3 T / FO @) (z — t)3dt

" 3) (2
f(xo)(x —z0) + (;O) (x — m0)* + 3(! (z — m9)° T / FO () (@ —t)3dt
"o (3) (4
fi(@o)(x — z0) + (20)(95—330)2+f 3(! T — x0)° / fW x—t4dt
ar (n)
:f@@@—x@+f;°&x-mf+”.+fng ooty [ 1O - o
Thus
//(wo) f(")(x )

/ f n+1 ndt

This proves (9.47). 0
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Example 9.52. Let us show how we can use the integral remainder formula to strengthen
the result in Exercise 8.7. Consider the function f: (—1,1) = R, f(z) = In(1 — z). Since
1 d

F@) == == @)= @- 1) =1,

O (z) = _%(x )2 =2@ -1, ..
FM@) = ()" -1 (z—1)"", VneN
we deduce that
F0)=0, fM(0)=(-1)"(n-1I(-1)" = ~(n-1), VneN,

and thus, the Taylor series of f at g =0 is
ok
_ Z r
=
k=1
We denote by T),(z) the degree n Taylor polynomial of f(z) at z¢9 = 0,
n k 2 n

We want to prove that this series converges to In(1 — z) for any = € [—1,1). To do this we
have to show that

lim |f(z) — Tn(z)| =0, Vo e[-1,1).

n—oo

We need to estimate the remainder R, (z) = f(x) — T,,(x). We distinguish two cases.
1. x € [0,1). Using the integral remainder formula (9.47) we deduce

T

Ru(z) = ;'/Ox FO (1) (@ — 1)t = (—1)"/ (t— 1)z — 1)"dt.

0
Hence

n = ——dt.

Rl = [

Observe that for t € [0, 2] we have 1 —¢ > 1 — 2 > 0 so that, for any ¢ € [0, z] we have
1 1 1

(17t)n+12(1ft)”(1—x)>0,<:>0< (1—t)”+1 < l—x'(l—t)"‘

1 Tl —t\"
()] < dt.
ral < [ (55)

Hence

Now consider the function

r—t
g:[0,a] >R, g(t) = T—.
We have (1) 4 9 .
-1l —=%)+ (- r—
"(t) = = 0.
7 C=DE (EDE
Hence
0=g(z) <g(t) <g(0) ==, Vtel0,xr],
and thus

1 T " 1 T " wnJrl
R < t)"dt < dt = .
Ru@) < 125 [ arar< = [ea=
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We deduce

so that

lim R,(x) = lim =0, Vz €[0,1).

n—00 n—oo 1 — a

2. z € [-1,0). We estimate R, (x) using the Lagrange remainder formula. Hence, there
exists ¢ € (x,0) such that

f(n—i_l)(g) n+1 nn'(f B 1)—(n+1) n+1 n 1 n+1
Bulo) =y =0V gy = ey
Hence, since £ € (z,0), we have [ — 1| = |{| + 1 and
T n+1 T n+1
R ()] = |z |z|

(n+1)A+EHh™*Ht ~— n+ 1

Since |z| < 1 we deduce
lim |R,(z)| =0, Vx €[-1,0).
n—oo

We have thus proved that

In(l—z)=— Z x—, Vo e [-1,1).
n=1 n
Note in particular that
o
(=1)" 1 1 1
~1)=In2=— =l — e, 9.48
f(=1)=In Z; - stz 1t (948)

O

9.6.2. Change of variables. The change of variables in the Riemann integral is very similar
to the integration-by-substitution trick used in the computation of antiderivatives, but it has
a few peculiarities. There are two versions of the change of variables formula.

Proposition 9.53 (Change of variables formula: version 1). Suppose that f : [a,b] = R is a
continuous function and ¢ : [, B] — [a,b] is a C-function. Then the function f(go(t) )go’(t)
is integrable on [a, 5] and

B »(B)
/f@@W%W:/ (@) da. (9.49)
o 80(04)

Proof. Since f is continuous it admits antiderivatives. Fix an antiderivative F' of f. The
chain rule shows that F((t)) is an antiderivative of the continuous function f( ¢ (t) )¢’ (t).
The Fundamental Theorem of Calculus then shows

B t=8 ©(B)
| 1e0)e 0t =F(o®)|_ = F(e9) - F(o(@)) = [ fa)da.

t=a (a)
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We can relax the continuity assumption of f, but to do so we need to make an additional
assumption of .

Proposition 9.54 (Change of variables formula: version 2). Suppose that f : [a,b] - R is a
Riemann integrable function and ¢ : (o, B] — [a,b] is a Ct-function such that

o(t) #£0, Vte (o, B).
Then f(¢(t))¢'(t) is Riemann integrable on |a, 8] and

() B
/ Fa)da = / 7o) ) (t)dt. (9.50)

Proof. Set
M= sup |¢'(1)]
t€la,B]
Note that M > 0. Since |¢’(¢)| is continuous, Weierstrass’ theorem implies that M < co. Since ¢’(t) # 0 for any
t € (o, B) we deduce from the Intermediate Value Theorem that

either ¢'(t) >0, Vt € (a, B) or; ' (t) <0, Vt € (o, B).

Thus, either ¢ is strictly increasing and its range is [p(a), p(8)], or ¢ is strictly decreasing and its range is [¢(8), ¢(a)].
We need to discuss each case separately, but we will present the details only for the first case and leave the details for
the second case for you as an exercise. In the sequel we will assume that ¢ is increasing and thus

0<¢'(t) <M, Vie(a,p).
For simplicity we set
9(t) = f(e(t))¢' (1), t€ e, p].
We will show that g is Riemann integrable on [a, 8] and its Riemann integral is given by the left-hand side of (9.50).

We will we will need the following technical result.

Lemma 9.55. For any partition P of [, B], there exists a partition Py of [p(a), p(B)] and samples £ of P and n of
P such that
[Pol < M||IP, (9.51a)

S(P,g,8) = S(Pq, [, )- (9.51b)

Let us first show that Lemma 9.55 implies that g is Riemann integrable and satisfies (9.50). Fix ¢ > 0. The
function f is Riemann integrable on [p(a), ¢(8)] and thus there exists o = do(¢) > 0 such that for any partition Q of
[¢(a), ¢(B)] and any sample n of Q we have

@(B)
/ f@)de — S(£.Qn) | <e. (9.52)

p(a)

Set 1
§=20(e) == —4 .
(6) 1= 2-80(c)
For any partition P of [a, 3] of mesh || P|| < é(¢), and any sample £ of P, the sampled partition (Pg,,ip) of [p(a), p(B)]
associated to (P,§) by Lemma 9.55 satisfies

Pl| < M3(z) = 5o(c) and S(g, P,&) = S(f, Py.€).

‘We deduce that
(9.52)

»(B)
/ f(:c)dx—S(f,Pw,é(P) < e
(o)

»(B)
/ f(@)dz — S(g, P,€)

()

This proves that g(t) is integrable on [a, 8] and its integral is equal to :((f)) f(x)dx.

Proof of Lemma 9.55. Consider a partition P = (a =ty < t1 < -+ < tn = ) of [a, 8]. For k =0,1,...,z, we set

z = (L)
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Since ¢ is increasing we have
Tp_1 <xk, VeE=1,...,n.

Thus
pla) =20 <x1 <+ <xn = @(B)
is a partition of [p(a), ¢(B)] that we denote by P. Note that
T — Th—1 = P(tk) — P(te—1)-
Lagrange’s Mean Value theorem implies that there exists £ € (¢x_1,tx) such that
zp —xp—1 = @(ty) — p(tr—1) = ¢ (&) (tx — th—1)-
In particular, this shows that
g1 —zp| = 0" (1) - [tk — th1] < Mtg —tp1l, Ye=1,... k.

Hence
Pyl < M||P.
This proves (9.51a).

Set nr := p(£k). Note that since ¢ is increasing we have np € (xx_1,%). The collection £ = (£1,...,&) is a
sample of P, and the collection n = (n1,...,7,) is a sample of P,. Observe that

F) (@ — wp—1) = F(@(ER) )" (€r) (e — t—1) = g(&k) (b — th—1)-

Thus
n n
S(f,Pom) =>_ fOm)(@r —ze—1) = »_ g(&k)(tk — te1) = S(g, P, €).
k=1 k=1
This proves (9.51b) and completes the proof of Proposition 9.54. m]

Remark 9.56. In concrete examples, the right-hand sides of the equalities (9.49) and (9.50)
are quantities that we know how to compute. The left-hand sides are the unknown quantities
whose computations are sought. For this reason these two equalities play different roles in
applications. a

Example 9.57. (a) Suppose that we want to compute

2 2
/ cos(tz)tdt:;/ cos(t?)d(t?).

-1 -1
We make the change of variables x = t?. Note that t = -1 =z =1, t =2 = x = 4 and we

deduce , )
49) 1 T
/ COS(t2)tdt (929 / coszdp — SpE T smL

—1 2 1 2

Note that in this case (9.50) is not applicable.

(b) Suppose that we want to compute

7 T
/ e costdt—/ eMtd(sint).
0 0

We make the change in variables x = sint. Note that t =0 =2 =0,t=§ = 2 =1 and we

deduce . )
2 9.49
/ St cos tdt (9.49) / e’dx = e
0 0

(c) Suppose we want to compute
1
/ V1 —22dx
~1

r=1
=e—1.
=0
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We make a change of variables x = sint so that dx = d(sint) = costdt. Note that
T 0
T =1 5 T =1 5
and cost > 0 when ¢ € (—7, 7). Hence
\/1—352 \/l—sm t = Vcos?t = cost, —g <t< g
We deduce ) i i
. 2 2 1 2t
/ V1 —22dx .20 /2 cos? tdt = /2 mdt
-1 _g _g 2
1l/m = 1 (3 T 1 [2
==+ = 2tdt = — + — 2tdt.
2(2+2>+2/—’2’COS 2+2/_gcos
To compute the last integral we use the change invariables u = 2¢ so that dt = %du,
t=—2 = t=2_ =
= —— u = = — u = .
2 Ty "
Hence .
2 1 (7 1, . )
/ cos2tdt:2/ cosudu:5(51n7r—s1n(—7r)):0.
-z -
We conclude that )
/ V1—a2de =" (9.53)
1 2

Let us observe that this equality provides a way of approximating 5 by using Riemann sums
to approximate the integral in the left-hand side. If we use the uniform partition Usggy of
order 200 of [—~1, 1]and as sample { the right end points of the intervals of the partition, then

we deduce
T~ 25(V1—22,Us, &) ~ 3.14041.....

If we use the uniform partition of order 2,000 and a similar sample, then we deduce
7~ 25(V1—a22,Usou,§) ~ 3.14157.....

(d) Suppose that we want to compute the integral.

1
/ Iz,

We make the change in variables x = e! and we observe that dz = eldt,
r=1=2t=0, r=e=t=1.

The derivative dx = ¢! is everywhere positive and we deduce

/ lnx (920) lnf St — /1tdt 12 t=1 B 1
0 e 0 2 t=0 2

Example 9.58 (Stirling’s formula). We want to estimate the size of

Fp,:=In(1)+In2)+---+n=m2)+---+Inn=In(1-2---n) =In(n!).

Observe that
k+1/2 k+1/2 k
/ In tdt :/ 1ntdt+/ In tdt
k—1/2 k k—1/2
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(use the change of variables ¢t = k + s in the first integral and ¢t = k — s in the second)

—/021n(k:—|—s)ds+/02ln(k:—s)ds—/02<1n(k+3)+1n(k—8)>d8

1 1 2
I 2 2. |[? 2 5
_/0 In(k? — s )ds_/o <lnk +1n(1 k2)>d$

2

:lnk+/02 1n(1 _ %)ds.

k+1/2 i 52 k+1/2
In k :/ In tdt —/ 1n(1 _ —Q)ds :/ Int dt + ry. (9.54)
k—1/2 0 k k—1/2

(Ink? = 2Ink)

=

Hence

=1
Consider the function

f:00,1) = R, f(z)=In(1l-2x).

Note that f(z) <0, Vo € [0,1). Moreover, f(z) is convex so its graph sits above its lineariza-
tion at xg = 0 which is L(x) = —z. Thus

—z<In(l-2)<0, Vze[0,1).

Thus
1 3 52 3 52
_24]@2:_/[; k2d3§/0 ].n(l—ﬁ)dS: —7"]6<0
so that )
0 < ——, VkeN. 9.55
STES o TP E (9.59)

In particular, this shows that the series ) k>1Tk is convergent and we denote by R is sum,

R .= Zrk.

Summing (9.54) from k = 1 to n we deduce

n no k412 n n+3 n
Fn:ZInk:Z/ lntdt—l—Zrk:/ Intdt+ Y 1. (9.56)
k=1 k=17 k=1/2 k=1 3 k=1
=R,

We’ve shown in Example 8.46(a) that zlnz — x is an antiderivative of Inz so that
n+%l tdt = L 1 —1—1 —1—1 11 1+1
s n =({n+ 5 ni{n 5 n 5 5 n 515
e N (e L | In2
=(ntg)n{ntg nt =
— (ot D mnt (nel) (m(n+l) o) 22
=({n+ 5 nn n 5 nin 5 nn 5
B N 1 | s 1 | 2n+1 N In2
=|\ntg)hn-n n+g | ™ 5

~~

n
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1 2n+1 1 1
)1 = —JIn{1+—
+1 Im(1+4+ 1
_"Ta (12”)—>2 as n — oo.

2n T

Let notice that

This shows that

lim 7, = 7= - t1m2

n—oo 2

Using (9.56) we deduce that
1
F, = <n—|—2> Inn—n+2,+ R,.

In particular

1 n\n
n! — an _ 6(n+§)lnn—n+Zn+Rn _ enlnnfneln\/ﬁeZn#»Rn _ \/ﬁ (7) eZn+Rn7

and we deduce,

nh_}rlgo \/FLTE'Z)” = nh_}ngo eZnthn — ZFR (9.57)
We set
C:=e?tR S, .=n (g)n,
so that
n!
nh_)rr;o s, =1. (9.58)

Thus, as n — oo, the factorial n! behaves like C'S,,. We rewrite the above equality as
nl ~ CS, = Cy/n (@)

e
To find the mysterious constant C' we rely on Wallis’ formula (9.46) which states that

T 2242...(2n)? 1
— = lim - —
2 no01232...(2n—1)2 2n

n

Now observe that
2242 ... (2n)? 1 (n!)222n 1 (nl)424n

1232 (2n—1)2 2n  1232---(2n—1)2 2n  (2n))2(2n)

Hence
T . (nh)222n
— = lim ———,
2 n—oe (2n1)V2n
ie.,
)20
1)292n C28292n (L )792n o 0252920 §292n
Vr = lim L = lim n . <(’b’f), (9.58) im —2— =(C lim =% )
n—oo (2nl)y/n  n—oo C'Son/n 2t n—o00 C'Sap/1 n—00 Sop/1

Now observe that

n2n+1 (2n)2n

nA\” 5 5 n2n
Sn:\/’ﬁ<g> :>Sn:€27n’ SQn:V2n €2n :2’”\/2716?”,
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and thus _—
Sgan 2 1
Sy 2\on . 2 fn V2
Hence
Son/n _ C

We have thus proved Stirling’s formula

nn
nl ~ 27m(—) as n — 0o |,
e

ie.,

|
lim L 1.

n—00 21N (H ) n
e

9.7. Improper integrals

(9.59)

The Riemann integral is an operation defined for certain bounded functions defined on bounded
intervals. Sometimes, even when one or both of these boundedness requirements is violated
we can still give a meaning to an integral. Before we proceed with rigorous definitions it is

helpful to look at some guiding examples.

Example 9.59. (a) Let a € (0,1) and consider the function

FO0] 2R, @)=

This function is continuous on (0, 1], but it is not bounded on this interval because

. 1
lim — = oo.
z—04+ %

It is however continuous on any compact interval [, 1] and so it is Riemann integrable on

such an interval. Note that

1 11—«
_ T
% dx =
c 11—«

Since 1 — a > 0 we deduce that that e1=* — 0 as € \, 0 and thus
1

lim z %z = .
eNO J,¢ l1—a

1 1

szl—a

(1—el™).

We can define the improper Riemann integral of =< over [0, 1] to be

1 1
/ "%z := lim z %z = .
0 e\0 c 11—«
1

(b) Let p > 1 and consider the function g : [1,00) = R, g(x) = 5.
0<g(z)<1, Ve>1

The function g is bounded

but it is defined on the unbounded interval [1,00). It is integrable on any interval [1, L] and

we have

L 1-p [, 1
/ e Pdr = 2 = (L7 —1).
1 I-phh 1-p
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Since 1 — p < 0 we deduce that L' — 0 as L — oo and thus

L
1 1
lim xPde = ——— = ——.
L—oo Jq 1-p p-1

We define the improper Riemann integral of 7P over [1,00) to be

00 L 1
/ 2 Pdz .= lim z Pdy = ——. O

The above examples gave meaning to integrals of functions that are not defined on compact
intervals. Such integrals are called improper.

Definition 9.60 (Improper integrals). (a) Let —oc0 < a < w < oo. Given a function
f:[a,w) — R we say that the improper integral

/aw f(z)dx

e the restriction of f to any interval [a,z] C [a,w) is Riemann integrable and,

lim / F(t)dt

is convergent if

e the limit

exists and it is finite.

When these happen we set

/f<M—man

(b) Let —oo < w < b < oo . Given a function f : (w,b] — R we say that the improper integral
b
/ f(x)dx

e the restriction of f to any interval [x,b] C (w, b] is Riemann integrable and

is convergent if

e the limit ,
lim t)dt
tim [0
exists and it is finite.
When these happen we set
b b
/ f(z)dz = 11{11 f(t)dt. 0

Remark 9.61. (a) We can rephrase Example 9.59(a) by saying that the integral

1
1
—dx
0o ¢
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is convergent if a € (0,1). Example 9.59(b) shows that the integral
o
1
/ —dx
1 TP

(b) In the sequel, in order to keep the presentation within bearable limits, we will state
and prove results only for the improper integrals of type (a) in Definition 9.60. These involve
functions that have a “problem” at the upper endpoint w of their domain: either that endpoint
is infinite, or the function “explodes” as x approaches w

is convergent if p > 1.

These results have obvious counterparts for the integrals of type (b) in Definition 9.60
that involve functions that have a “problem” at the lower endpoint of their domain. Their
statements and proofs closely mimic the corresponding ones for type (a) integrals. a

Example 9.62. For any a,b € R, a < b, the improper integrals

are convergent for o < 1 and divergent if @ > 1. Indeed, if o # 1 we have

b 1 1 a=b 1
dr = _ g)l-« _ b )~ _ gl
[t = Tate (b= =),

r=a-+¢ 11—«
b 1
dr =In(zx — a)
/a—i—a (x - a)

These computations show that

b 1 11—«
1 —(b— , <1,
lim ——dz = 170‘( @) “
e\0 ate (IL‘ - ar)a oo, « Z 1.

If o« =1 we have

x=b

=In(b—a)—Ine.

Tr=a-+€

The convergence of the integral

is analyzed in a similar fashion.

(b) The integral

* 1
/ —dz, peR.
1 2P

is convergent for p > 1 and divergent if p < 1.
Indeed, if p # 1, then

L 1
/ z Pdx = 2P
1 1—p

0, p>1
lim Ll—P:{ P

=L 1

=1 1—p

Now observe that

L—oo oo, p<l.

When p = 1, we have

L
1
/ —dr=InL - o0 as L — oc.
1 T
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Similarly, the integral

/ —dx
—oo TP

converges for p > 1 and diverges for p < 1. O

We have the following immediate result whose proof is left to you as an exercise.

Proposition 9.63. Let —00 < a < w < o0 and f1, fa : [a,w) — R be functions that are
Riemann integrable on each of the intervals [a, x|, x € (a,w).

(a) If t1,t2 € R, and the improper integrals

/w fi(z)dz, i=1,2

are convergent, then the integral

/W(tlfl(x) + tgfg(:[;) )dg;

is convergent, and

/w(tlfl(x) + tafo(x) )dx =1 /w fi(x)dz + to /w fo(z)dz.

(b) Let b € (a,w). The improper integral

/aw fi(z)dx

is convergent if and only if the improper integral

/ " h(@)ds

is convergent. Moreover, when these integrals are convergent we have

/a ’ fi(z)dr = /ab fi(x)dz + /b i fi(x)dz. (9.60)

O

Theorem 9.64 (Cauchy). Let —00 < a < w < oo and suppose that f : [a,w) — R is
a function which is Riemann integrable on each of the intervals |a,x] C [a,w). Then the
following statements are equivalent.

(i) The integral [’ f(t)dt is convergent.
(ii) For any e > 0 there exists ¢ = c(¢) € (a,w) such that

/:f(t)dt‘ <e.

Ve,y: x,y € (c(e),w) =

Proof. We set v
I(x) ::/ ft)dt, Yz € [a,w).

(i) = (ii).We know that the limit
I, := lim I(z)

Tr—w
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exists and it is finite. Let e > 0. There exists ¢ = ¢(¢) € [a,w) such that
Ve,y: zy € (cw) = [I(x) — L] < % and |I(y) — L] < %

Observe that for any x,y € (¢,w) we have
y

JRLL
x

(ii) = (i). We know that for any ¢ > 0 there exists ¢ = ¢(¢) € [a,w) such that

v €
/x f(t)dt‘ <3

= [I(y) = I(2) | < [ I(y) = Lo | + | L — [(@)] < e.

This proves (ii).

Ve<y: z,y€ (cle),w)=

Choose a sequence (x,) in [a,w) such that
lim z,, = w.
n
We deduce that for any € > 0 there exists N = N(e) such that
Vn: n> N() =z, € (ce),w).
Hence, for any m,n > N(g) we have
]H%Q—H%ﬂ<g<s,wmn>N@)
proving that the sequence (I(x,)) is Cauchy, thus convergent. Set
J :=1lmI(z,).
n
We will show that
lim I(z) = J.

Letting m — oo in (9.62) we deduce th;t_?or any € > 0 and any n > N(c) we have
xn € (c(e),w) and |J — I(zy)] < %
Let x € (¢(e),w) and n > N(g/2). Then x,x, € (c¢(e),w) and (9.61) implies that
L) = I()] < 5
We deduce

[(z) = J| < [L(x) = I(zn) [+ [ L(zn) = J |
This proves (i).

Corollary 9.65 (Comparison Principle). Let —0o < a < w < 0o and suppose that f, g :

are two real functions satisfying the following properties.
(i) For any x € [a,w) the restrictions of f,g to |a,x] are Riemann integrable.
(ii) 3b € [a,w), such that 0 < f(z) < g(x), Vx € [b,w).
Then
w w
/ g(x)dx is convergent = / f(x)dx is convergent.
a a

(9.61)

(9.62)

(9.63)

(9.64)

[a,w) — R
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Proof. Since the improper integral

/aw g(x)dx

is convergent we deduce from Proposition 9.63(b) that the integral

/b " gle)da

is also convergent. Theorem 9.64 shows that for any € > 0 there exists ¢(¢) € [b,w) such that

/xyg(t)dt' <e.

/:f(t)dt‘ :/; f(t)dt < /:g(t)dt.

We can invoke Theorem 9.64 to conclude that the integral

/bw f(z)dzx

is convergent. Proposition 9.63(b) now implies that

/aw f(z)dzx

is convergent. O

Ve<y: z,y € (c(e),w) = /yg(t)dt =

Using the assumption (i) we deduce that

Ve<y: z,y € (cle),w) =

Remark 9.66. Using the logical tautology
p=q<— g =,

we see that if f and g are as in Corollary 9.65, then

w w
/ f(z)dz is divergent = / g(x)dx is divergent. 0
a a
Corollary 9.67. Let —o00 < a < w < oo and suppose that f,g : [a,w) — R are two real
functions satisfying the following properties.
(i) 3b € [a,w), such that f(x) >0 and g(x) > 0, Vz € [b,w).
(ii) There exists C > 0 such that

lim @ =C.

z—w g(x)
(iii) For any x € [a,w) the restrictions of f and g to [a,z] are Riemann integrable.

Then

w w
/ g(x)dx is convergent = / f(z)dz is convergent.
a a
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Proof. The integral
/ (C+1)g(z)dx

is convergent.

The assumption (ii) implies that there exists by € (b,w) such that
f(z) < (C+1g(z), Ve (by,w).

We can now invoke Corollary 9.65 to reach the desired conclusion. a
Example 9.68. (a) Consider the continuous function
x4+ 2
filloo) >R, f(z) = 4:634—3:6;——1-2:04—1
Note that f(z) > 0 for any = € [1,00). To decide the convergence of the integral
JEC
we compare f(x) with the function g : [1,00) — R, g(x) = Z5. Observe that

f(z) x3 + 222 . 1 R
= — as T — 00
g(x)  4dx3+322+224+1 4

oo
1
1 X

is convergent we deduce from Corollary 9.67 that the integral

/100 f(x)dx

Since

is also convergent.
(b) Consider the function
sin y/z

X

f:(0,1] =R, f(z)=
Note that

. s sm\fi
IO =G m =

In particular, f(z) > 0 for > 0 small. Since

f(@) sm\f —1 asx (0

1
NG v

/ L dn

is convergent, we deduce from Corollary 9.67 that the improper integral fol f(z)dz is also
convergent.

(c) Consider the function f :[0,00) = R, f(z) = ze~®*. Note that f(z) >0, Vo and
f(x) 3 —x? IE2

=z"e =— =0 asz— o0
5 e
2

and the improper integral
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Thus the integral

o0 2
/ ze ¥ dx
0

is convergent. To evaluate this integral we begin by evaluating the integrals

L 2
/ ze ¥ dx
0

where L — co. We use the change in variables u = x? so that du = 2zdz
r=0=u=0, 2=L=u=L?

and we deduce

T B L I 1
/ xe Cdr = / e (2zdr) = / e “du = 7(—6_“)
0 2.Jo 2 Jo 2

Now observe that

u=L?

1
= 51—,

u=0

1 1
lim —(1— e_LQ) = -,
L—oo 2 2

& 2 1
/ ze Fdr = =.
0 2

So far we have investigated improper integrals of function that had a problem at w, one
of the endpoints of its domain: either w = oo, or the function ”explodes” as it approaches
w. Sometime we need to deal with functions that have problems at both endpoints of its
domain. The next example explains how to proceed in this case.

(d) Consider the function

so that

f:(-1,1) =R, f(x)= W

To decide the convergence of the integral

[ s

we must first locate the sources of the possible problems. We note that f(x) “explodes” as
z — %1, ie.,

We split the integral into two parts,

1_1—/01 F@)da, Il—/olf(a:)dx.

Each of the above integrals has only one problem point and, if both integrals are convergent,
then the original integral will be convergent if and only if both integrals above are convergent
and, when this happens, we have

/_11 f(z)de = /_01 f(x)dz + /01 f(x)dz.

Now observe that
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The term (1 — z) is responsible for the bad behavior near z = 1, while the term (1 + x) is
responsible for the bad behavior near x = —1.

From Example 9.62 we deduce that both integrals

1 L |
BN, /
/1\/1-}-{[) o V1I—=z

are convergent. Observe next that

. f(2) . (1—z)(1+x) ) 1 1
lim = lim — = lim = —,
z——1 e z——1 o= z—=—14/1—2x \@
-1
. f(x) _ (1—2)(1+z) . 1 1
lim = hm1 — = hm1 i = —,
rz—1 \/ﬁ r— — xr— + x \/Q

Using Corollary 9.67 we now deduce that both integrals Iy are convergent. In particular,
we deduce that the improper integral
1
|t
-1

is convergent. We can actually compute it. Let —1 <a <0 < b < 1. We have

/a \/11_7@: = arcsinz :;Z: arcsinb — arcsin a.
Note that
lim arcsinb = arcsin 1 = E, lim arcsina = arcsin(—1) = ——
b1 aN\—1 2
so that

1 o -
/1 \/11—7:@26[“"C T2 (_5) = (9.65)

Definition 9.69. Let —c0 < a < w < oo and f : [a,w) — R a function that is Riemann
integrable on any interval [a,z], x € (a,w). We say that the improper integral

/ fa

is absolutely convergent if the improper integral

| V@l

is convergent. O

The next result is very similar to Theorem 4.46.

Proposition 9.70. Let —0 < a < w < o0 and f : [a,w) — R a function that is Riemann
integrable on any interval [a,z], x € (a,w). Then

/ f(x)dx absolutely convergent = / f(x)dx convergent.
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Proof. We rely on Cauchy’s Theorem 9.64. Since the integral

| r@ds

is convergent we deduce from Cauchy’s theorem that for any ¢ > 0 there exists c(¢) € (a,w)
such that

Va,y; x,y € (c(e),w) =

/ If(t))ldt‘ <e

/ y\f(tﬂdt]

/jf(t))dt‘ <e.

/aw f(z)dzx

is convergent. O

On the other hand, (9.28) shows that

/: f(t)dt‘ <

Vo,y, x,y € (ce),w) =

and we deduce that

Cauchy’s theorem now implies that

The comparison principle Corollary 9.65 yields a comparison principle involving absolute
convergence.

Corollary 9.71 (Comparison Principle). Let —0o < a < w < 00 and suppose that f, g : [a,w) = R
are two real functions satisfying the following properties.

(i) 3b € [a,w), such that |f(x)| < |g(x)|, Vz € [b,w).
(ii) For any x € [a,w) the restrictions of f,g to [a,x] are Riemann integrable.

Then

w w
/ g(x)dx is absolutely convergent = / f(z)dz is absolutely convergent. O
a a

Example 9.72. Consider the function

sinx

f:[l,0) =R, f(z)= poRt

Note that

1
@) <, Vo1

and since floo %dm is convergent we deduce that faoo f(x)dx is absolutely convergent. O
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9.7.1. The Euler’s Gamma and Beta functions. For every x > 0 we set

Dx) = /0 Tty | (9.66)

For each fixed z > 0 this improper integral is convergent. To se this we split the above

integral into two parts
1 00
Ioz/ t*Le~tdt, Ioo:/ t* =ttt
0 1

To prove the convergence of Iy we observe that

0 <t et <t™7! vt e (0,1].

1
/ t*~Lat
0

is convergent. The Comparison Principle then implies that Iy is also convergent.

Since z — 1 > —1 the improper integral

To prove the convergence of I, we observe that and as t — oo the function t*~le™*
decays to zero faster, than any power t=", n € N. In particular
z—1_,—1
e

dt = 0.

lim
t—o0

/ t2dt
1

is convergent we deduce from the Comparison Principle that [ is convergent as well.

Since the integral

The resulting function
(0,00) 32— I'(x) € (0,00)
is called Fuler’s Gamma function
Observe that

(1) = /OOO etdt = (—e—t)‘:o =1, (9.67)

and, for x > 0,

O I

0 — —_—
=0 =I'(z)
so that
T(@+1) =2l(z), Vo >0| (9.68)

From (9.67) and (9.68) we deduce inductively
[(2)=1I(1) =1, T(3) =20'(2) =2, T(4) =30(3)=3-2=31,...,

IT(n) = (n—1)!, VneN,| (9.69)

Fix A > 0. In the definition
o
I'(x) = / t* Le7tdt
0
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we make the change of variables t = As we deduce

I‘(ﬂ:):/ )\z_lsg”_le_)‘s)\ds:)\:”/ s2 e s,
0 0

so that
FA(? = /OOO s Le™ s, Yo, A > 0. (9.70)
For z,y > 0 we set
B(z,y) :== /01 7711 — t)v1dt. (9.71)

This integral is convergent since x — 1,y — 1 > —1. The resulting function
(0,00) x (0,00) 3 (z,y) = B(z,y) € (0,00),

is known as Fuler’s Beta function.

Some values of this function can be computed explicitly. For example

11 1 1
B<2,2) S

If we make the change in variables t = s, s > 0, then s = 0 when ¢t =0, s = 1 when ¢t = 1,
dt = 2sds and we deduce
/1 L /1 L ow 2/1 L 2 (arcsi 321)
—dt = ——————2sds = ———ds = 2| arcsin s = .
0 t(1—1) 0 v/s(1—s?2) 0 V1—s? 5=0

Hence
11
Bl=,-]|=m. .72
(2,2) T (9.72)

If we make the change in variables in the integral (9.71)

t
U=-—-",
1—-t
then we observe that © =0 when t = 0 and u — oo as t 1. Moreover, we have
U 1 1 1
l—-thu=t=u=1(1 =t= =1- =>1—-t= , dt = ———du,
( Ju uw=H1+u) 1+u 1+u 1+u (1+u)2u

1 1 u ! 1 \v! 1 w1
(1 — )t = — du = d
(1-1) <1+u) (1+u) 1+u2™ ™ @™

so that

00 uxfl
B = —du, V 0. 9.73
(2, y) /0 (1 +a)t u, vr,y > (9.73)

Using (9.70) we deduce

= / s¥Ty—lg=(+u)s e
(1+u)*tv  D(z+y) Jo
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Using this in (9.73) we deduce

1 > z—1 > z4y—1_—(1+u)s
== ds | d
B(z,y) F(x+y)/0 u </0 s e s ) du
i (et
= —— u 8" e “eds | du.
L(z+y) Jo 0

~~

=1

(9.74)

The above complicated looking integrals are called iterated integrals. At this point we want to
invoke without proof' Fubini’s theorem which allows us to conclude that we can interchange

the order of integration so that

7 /oo (/OO uz_18$+y_1e—(1+u)sd8> du — /OO </°° Sg;+y_1um—1e—(1+u)sdu> ds
0 0 0 0

:/ Sm—i—y—l (/ um—le—(1+u)sdu> ds :/ sx+y—1 </ ux—le—se—sudu> ds
0 0 0 0

o0 o0
:/ e SsTTy—1 (/ uxles“du> ds
0 0

(9.70) n()

= /OO e SsvtyTl L) ds =T'(z) /00 s¥"te™5ds = T(z)T'(y).
0 0

Sm
Thus
I =T(z)l'(y),
Using the last equality in (9.74) we conclude that
I'(2)I'(y)
Bla,y) = . Va,y > 0.

Using this in (9.72) we deduce

Hence

If in the last integral we make the change in variables ¢t = s, then we deduce
oo 1 o0 2
/ t72eldt = 2/ e % ds.
0 0

/ e~ ds = ﬁ
0 2

so that

LThe proof is nontrivial and requires techniques of real analysis in higher dimensional spaces.

(9.75)

(9.76)
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9.8. Length, area and volume

The concept of integral is involved in the definition of important geometric quantities such
length, area and volume. Their definition in the most general context is quite involved and
we restrict ourselves to special cases that still have a wide range of applications.

9.8.1. Length. We will define the length of special curves in the plane, namely the curves
defined by the graphs of differentiable functions.

Definition 9.73. Suppose that —oco < a < b < oo and f : (a,b) — R is a C'-function. We
say that its graph has finite length if the integral

/b V1+ fl(x)?dx

is convergent. The value of this integral is then declared to be the length of the graph of f.O

Here is the intuition behind the definition. If we are located at the point (x,y0) = (o, f(x0))
on the graph of f and we move a tiny bit, from x¢ to xg + dz, then the rise, that is is the
change in altitude is

d
dy = % ~dx = f'(x)dz.

The Pythagorean theorem then shows that the distance covered along the graph is approxi-
mately

Vdz? + dy? = Vdz? 4 f'(z0)2de? = /1 + f/(x0)? da.
The total distance traveled along the graph, i.e., the length of the trap is obtained by summing

all these infinitesimal distances ,
/ V14 f'(z)? dx.
a

The next examples support the validity of the proposed formula for the length.

Example 9.74. Consider two points in the plane, P; with coordinates (x1,y1) and P, with
coordinates (x2,y2). Assume moreover that x; < z2; see Figure 9.6. We want to compute
the length | Py P| of the line segment connecting P; to Ps.

Pythagoras’ theorem shows that
PP = |PQP + |QPy* = (22 — x1)* + (y2 — y1)*. (9.77)
Let us show that the formula proposed in Definition 9.73 yields the same result.
The line determined by the points P;, P> has slope

Y2 — Y1
m = ,
T2 —I1

and thus it is described by the equation
y=m(z—z1)+y.
In other words, the line segment is the graph of the linear function

frilr, ] = R, f(z) =m(z —21) + 1.
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=V

Figure 9.6. Computing the length of a line segment.

Note that f'(x) =m, Vz € [r1, 23] and, according to Definition 9.73, we have

T2 T2
| P Ps| :/ \/1—|—f’(x)2dx:/ V14 m?2de =14+ m?(xe — x1).
1 1

Hence
]PP2—1 2 2_ (4 (?J2—y1)2 2 _ 2 2
1" = (1+m”) (2 —21)" = +m (2 —m1)" = (v2 —21)" + (2 —y1)"
This agrees with the Pythagorean prediction (9.77). O

Example 9.75. Consider the function

f:(-1,1) =R, f(z)=+v1-—22

The graph of this function is the upper half-circle of radius 1 centered at the origin; see Figure
9.7. Indeed, a point (z,y) on this circle satisfies

P24y =1, y>0<=y=+v1-2a2

The function f(z) is differentiable on (—1,1) and we have
x

f(x) = —\/17_7,

x
Hence the length of this semi-circle is

1
14 f(z)* =1+ a1 wECLD). (9.78)

o, e

[
—dx
1 V1 — 22

We can define the length of more complicated curves.



Introduction to Real Analysis 271

Figure 9.7. Computing the length of a half-circle.

Definition 9.76. Let —0o < a < b < 0o. A continuous function (a,b) — R is called piecewise
C1 if there exist points z1,. .., 7, € (a,b) such that

a< 1 <x9< <2y, <b
and the function f is C! on each of the subintervals
(a,z1), (x1,22),...,(xn,b).

The length of its graph is then given by

T1 ) b
| VTR [T @Rk [V P,

Above, some of the integrals could be improper and for the length to be finite these integrals
have to be convergent. O

9.8.2. Area. A region D of the cartesian plane R? is said to be of simple type with respect
to the z-axis if there exists an interval I and functions
FC:T—-R
such that
F(z) < C(z), Vzxel,
and
(r,y) D<=z el N F(zx) <y <C(x).
The function F' is called the floor of the region D, while the function C is called the ceiling
of the region; see Figure 9.8
The area of the region D is given by the improper integral

Area (D) := /(C(az) — F(z)) dz,

1
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S

Figure 9.8. A planar region of simple type with respect to the x-axis.

whenever this integral is well defined? and convergent.
A region D of the cartesian plane R? is said to be of simple type with respect to the y-axis
if there exists an interval J and functions
LR:J—R
such that
L(y) < R(y), VyeJ
and
(x,y) e R<=yeJ AN L(y) <z < R(y).

The function F is called the left wall of the region D, while the function R is called the right
wall of the region; see Figure 9.9.

The area of the region D is given by the improper integral

Avea(D) = [ (R() = L)) do

whenever this integral is well defined

Remark 9.77. (a) We swept under the rug a rather subtle fact. A region in the plane can
be simultaneously simple type with respect to the z-axis, and simple type with respect to
the y-axis. In such situations there are two possible ways of computing the area and they’d
better produce the same result. This is indeed the case, but the proof in general is quite
complicated, and the best approach relies on the concept of multiple integrals.

To see that this is not merely a theoretical possibility, consider the region (see Figure
9.10)

R:{(x,y)eRz; x € [0,1], ngygm}.

2The integral is well defined if the function C'(z)—F(z) is Riemann integrable on any compact interval [, 8] C (a, b).
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Figure 9.9. A planar region of simple type with respect to the y-axis, siny <z <y, 0 <y < 3.

The above description shows that R is a region of simple type with respect to the x-axis.
However, R can be given the alternate description as a region of simple type with respect to
the y-axis,

R={(z,t)eR? ye0,1], y<z <y}

0.8
0.6
0.4

0.2

Figure 9.10. A planar region that simple type with respect to both axes: 2?> <y <z, 0 <z < 1.

If we use the first description we deduce

Area (R) = /01(55 — 2?)dx :(% - %)

r=1

1

2 3 6

=0
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If we use the second description we deduce

z=1 2 1 1

! 203/2 22
avea () = [ (- = (M- 5)[ D=5 -5 =5

Many regions in the plane decompose into finitely many simple type regions that have overlaps
only along boundary curves. For such a region, the area is defined as the sum of the areas
of the simple-type sub-regions it decomposes into. This raises an even trickier question: why
is the answer independent of the procedure we use to decompose the region into simple-type
sub-regions? To answer this question one needs the full apparatus of multiple integrals.

(b) Let us observe that a simple-type region can have finite area, even if it is unbounded.
Consider for example the region between the z-axis and the graph of the function
—T

g:10,00) > R, g(z)=¢e

The area of this region is
o0
/ e Tdr = (—e™®)
0

9.8.3. Solids of revolution. Suppose that we are given an open interval (a,b) and a func-

Zoz—e*“’—(—1)=0+1:1. 0

tion

g:(a,b) >R
called generatriz such that g(z) > 0, Va € (a,b). If we rotate the graph of g about the z-axis
we get a surface of revolution ¥, that surrounds a solid of revolution Sg; see Figure 9.11.

=

Figure 9.11. A surface of revolution.

The area of the surface of revolution 3, is given by the improper integral

b
Area (X)) = 27r/ g(z)\/14 ¢'(x)?dx,
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whenever the integral is well defined. The volume of the solid of revolution S, is given by
the improper integral

b
Vol (Sy) = 7'('/ g(z)%dz,

whenever the integral is well defined.

Example 9.78. (a) Suppose that the generatrix is the function g : (=1,1) = R, g(z) = V1 — 2.
Its graph is the upper half-circle of radius 1 depicted in Figure 9.7. When we rotate this half-
circle about the z-axis, the surface of revolution obtained is a sphere Y, of radius 1 that
surrounds a solid ball S, of radius 1.

The computations in (9.78) show that

VITG@P = oy

so that
9(@)v1+g(z)* =1
We deduce that the area of the unit sphere is

1
27r/ g(x)/1+ ¢ (x)2dz = 27 €' dx = 47.
-1

The volume of the unit ball is

1 1 1 31 2 4
w/_lg(:v)zdas—ﬂ/_l(l—xQ)dx—ﬂ(x’l—a;) 1) :7r<2—§) = ?ﬂ-

These equalities confirm the classical formulese taught in elementary solid geometry.

(b)

Figure 9.12. A cone.

Consider the cone depicted in Figure 9.12. It is obtained by rotating a line segment about
the z-axis, more precisely, the line segment connecting the point (0,7) on the y-axis with the
point (h,0) on the z-axis. Here h,r > 0.

This line segment lies on the line with slope m = —r/h and y-intercept r. In other words,
this line is given by the equation

g(x) = —%x + .
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Observe that

\/W
g'( = Vitg(e

o222 1)

We deduce that the area of this cone (excluding its base) is
h /72 2 2 2 h
h Vh
27r/ vh (—zx + r)dx = 27r+r/ (—zx + r)dw

0 h h h 0 h
VhZ 42 [h VhZ 2 [h
5 dx — QWTT xdx

0

= 27r

0
=2nrvVh2+1r2 —arvVh?+ 12 =garvVh2 +r2,
This agrees with the known formulz in solid geometry.
The volume of the cone is
h 2 h 2 3 2
r r 9 mr h wrh
77/0 (—E:L‘+1"> d;v—ﬁ (h—x)dmzﬁxgz T
(c) Let o € (3,1) and consider the function

1
g:[L,00) = R, g(x) = 2.

The surface of revolution obtained by rotating the graph of g about the x-axis has the bugle
shape in Figure 9.13

0140160180200

Figure 9.13. An infinite bugle.

The volume of this bugle is

o0 oo 1
71'/ g(x)?dr = 71'/ —=dz.
1 R

Since 2a > 1, the above integral is convergent and in fact

/Oold_ﬂ'
(L A Y
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On the other hand, the area of the bugle is

L L
27 lim / g(x)\/1+ ¢ (x)%2dx > 27 lim g(x)dx
L—oo Jq L—oo Jq

) L 1 ) l’l_a L
=27 lim —dzxr = 27w lim ( )‘ = o0,
a 1l—a

Lo J1 @ L—oo 1
because o < 1. This is surprising: you need a finite amount of water to fill the bugle, but an
infinite amount of paint if you want to paint it!!! O
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9.9. Exercises

Exercise 9.1. Prove by induction the equality (9.3). O

Exercise 9.2. Consider the function f : [0,4] — R, f(z) = 22, and the partition
P=(0,05, 1, 1.5, 2, 2.5, 3, 3.5, 4)

of the interval [0,4].

(a) Find the mesh size ||P|| of P.

(b) Compute the Riemann sum S(f, P, ) when the sample § consists of the right endpoints
of the subintervals of P. a

Exercise 9.3. Consider the function f: [-2,2] — R, f(x) = 2% and the partition
P=(-2 -15,-1,-05,0, 05, 1, 1.5, 2)

of [-2,2].

(a) Compute the upper and lower Darboux sums S*(f, P), S.(f, P).

(b) Compute w(f, P). O

Exercise 9.4. (a) Suppose that f,g : [a,b] — R are two functions. Prove that for any
sampled partition (P,§) of [a,b] and for any real numbers a, 3 we have

S(af+Bg,P,&) =aS(f,P,&)+pS(g,P,¢). O
(b) Let f : [a,b] — R. Prove that the following statements are equivalent.

(i) The function f is not Riemann integrable.

(ii) There exists €9 such that, for any n € N there exists sampled partitions (P, ")
and (Q,,, (") satisfying
1
HPn||7 HQnH < ﬁ and ‘ S(f7 Pn?én) - S(f7 angn) | > €9.
O

Exercise 9.5. Suppose that f : [0,1] — R is a C'-function, i.e., it is differentiable on [0, 1]
and the derivative is continuous. We set

M= s |f@)
z€[0,1]

(a) Suppose that I C [0,1] is an interval of length . Show that
osc(f,I) < Mo.
(b) For n € N we denote by U, the uniform partition of order n of [0, 1]. Show that

M

(c) Fix n € N and a sample £ of U,,. Show that

M
—. O
n

| e~ S UL | <
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Exercise 9.6. Let a > 0 and assume that f : [—a,a] — R is a Riemann integrable function.
(a) Prove that if f is an odd function, i.e., f(—z) = —f(x), V& € [—a,a], then
a
F () =

—a

(b) Prove that if f is an even function, i.e., f(—z) = f(z), V& € [—a,a], then
f dx = 2/ f(z O

Exercise 9.7. (a) Suppose that f : [a,b] — R is a continuous function such that f(z) > 0,
Vz € [a,b]. Prove that

/bf(x)dx:()(:)f(x):o, Vz € [a,b]. O

(b) Show that for any a < b there exists a continuous function u : R — R such that u(x) > 0,
V€ (a,b), and u(x) =0 Ve € R\ (a,b).

Hint. Think of a function v whose graph looks like a roof.

(c) Suppose that f:[0,1] — R is a continuous function such that

1
/ f(z)u(x)dz =0,
0

for any continuous function u : [0,1] — R. Prove that f(z) =0, Vz € [0, 1].
Hint. Argue by contradiction. Suppose that there exists xo € [0, 1] such that f(zg) # 0, say
f(zo) > 0. Reach a contradiction using Theorem 6.11, and the facts (a), (b) above. 0

Exercise 9.8. Suppose that f, : [a,b] = R, n € N, is a sequence of Riemann integrable
functions that converges uniformly on [a,b] to the function f : [a,b] — R. We set

dp := sup |f(z) = fu(z)|.

z€[a,b]
(a) (Compare with Exercise 6.6.) Prove that
lim d, = 0.

n-so0
(b) Let X C [a,b] be a nonempty subset of [a,b]. Prove that, for any n € N, we have
osc(f, X) < osc(fn, X) + 2dy,.
(c) Prove that, for any partition P of [a,b], and any n € N, we have
w(f, P) <w(fn, P)+2d,(b—a).
(d) Prove that f is Riemann integrable and

lim fn da:—/f O

n—oo
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Exercise 9.9. (a) Suppose that f : [a,b] — R is a continuous and convex function. Prove

that
fla) + f(b)
ETRCIEE

—a
(b) Use (a) to show that for any = > y > 0 we have
Lptty o T 0
20 w—y ~ x2—y>?
Exercise 9.10. Consider the function f:[0,1] = R, f(z) = z%rl
(a) Compute fo x)dx.

(b) For n € N we denote by U,, the uniform partition of order n of [0,1] and by §(") the
sample of U,, given by

g,@:ﬁ, k=1,...,n.
- n

Describe explicitly the Riemann sum S(f,Up,§ (”)).
(c) Use parts (a) and (b) to compute the limit in Exercise 4.22. 0

Exercise 9.11. Fix a natural number k.

(a) Prove that for any n € N we have
n
1k+2k+~-+(n—1)k§/ aFde <18 4 2F ... 4P,
0

(b) Use (a) to prove that

I L Ry 1
lim = . O
n—00 nk+1 kE+1

Exercise 9.12. Consider the function
VT 2
F:[0,00) = R, F(z) :/ ezdt.
0
Show that F'(x) is differentiable on (0,00) and then compute F'(x), x > 0. 0
Exercise 9.13. Suppose f, : [a,b] — R, n € N, is a sequence of C'-functions with the

following properties.

(i) The sequence of derivatives f! : [a,b] — R converges uniformly to a function
g:la,b] = R.

(ii) The sequence f, : [a,b] — R converges pointwisely to a function f : [a,b] = R
Prove that the following hold.
(a) The sequence fy, : [a,b] — R converges uniformly to f : [a,b] — R.

Hint. Define G : [a,b] = R, G(z) = f(a)+ [ g(t)dt. (The function g is continuous since it is
a uniform limit of continuous functions.) Since f,, is continuous, the Fundamental Theorem

of Calculus shows that .,
fal@) = fula) + / o
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Then
hm—G@F#MM—ﬂ®+/(ﬁw—m0Mt

Use the above equality to show that the sequence f,, converges uniformly on [a, b] to G. Argue
next that G = f.

(b) The function f is C* and f’ = g, i.e., the sequence f/ : [a,b] — R converges uniformly to
13 0
Exercise 9.14. Let L > 0. Suppose that the power series with real coefficients

ap + a1z + agx® + - -

converges absolutely for any |x| < L. For every = € (—L, L) we denote by s(z) the sum of
the above series.

(a) Show that the function = +— s(x) is continuous on (—L, L) and, for any R € (0,L), we
have

R o al 2 a/2 3
s(x)dr =aoR+ —R*+ —R’>+---.
) 2 3
Hint. Use the Exercises 6.8 and 9.8.
(b) Prove that the power series
a1 + 2asx + 3a31:2 + .-

also converges absolutely for any |z| < L.
(c) Prove that s(z) is differentiable on (—L, L) and that

s'(z) = a1 + 2a9x + 3azz® + -, V|z| < L.
Hint. Use the Exercises 6.8, 9.13. O

Exercise 9.15. Consider the power series

x> 2 2
ST T T
and respectively,
x>zt b
TR TR I

(a) Prove that the above series converge absolutely for any x € R. Denote their sums by a(x)
and respectively b(z).

(b) Show that the functions a,b: R — R are differentiable and satisfy the equalities
a(x) =b(x), V(r)=—a(x).
Hint. Use Exercise 9.14.

(c) Show that that a(z) is the unique solution of the differential equation
d'(r) +a(x) =0, Vr eR
satisfying the condition a(0) = 0, a/(0) = 1. (Compare with Exercise 7.16.) 0
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Exercise 9.16. Consider the function

1
T R=R, f(x)= 522
(a) Prove that
Fla) = S(=1)"a®, Via| <1.
n=0

(b) Conclude from (a) that the Taylor series of f(x) at zg =0 is
1—a? 42t —ab ...

Hint. Use Exercise 9.14.

(¢) Deduce from (a) that

o0 2k+1 3 5 7
x R
tanz = 3 (~1)* - T T L Vgl <1 0
arctan x k_o( )21{74_1 x 3+5 7—|— |z|

Exercise 9.17. (a) Suppose that f,w : [a,b] — R are two continuous functions satisfying
the following properties.

(i) The function f is continuous.
(ii) The function w is Riemann integrable and nonnegative, i.e., w(z) > 0, Yz € [a, b].
(iii) The integral

W= /abw(x)da:

is strictly positive.

We set

m:= inf f(z), M := sup f(z).
z€[a,b] z€la,b]

Show that b
1
m < W/a f(@)w(z)de < M,

and then conclude that there exists a point £ in the open interval (a,b) such that

1 b
16 = 3 | H@ia)as. 0
(b) Use the result in (a) to show that the Integral Remainder Formula (9.47) implies the
Lagrange Remainder Formula (8.2). O

Exercise 9.18. Consider the function f:[0,2] - R, f(z) =1— |z — 1|, Vz € [0,2].
(a) Sketch the graph of f.

(b) Compute f02 f(x)dx. 0
Exercise 9.19. For any natural number n we define the n-th Legendre polynomial to be

We set Py(x) =1, Va.
(a) Compute Pi(x), P2(x), P3(x).
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(b) Compute
1 1 1 1
| P@rds, [ Ppis, [ Rera [ P@PG@s,
-1 -1 -1 -1

(c) Use integration-by-parts to compute

1 1
/ Py (2)Py(x)dx, / P,(2)*dx, m,n €N, m#n.
-1 ~1

Hint: You may want to use the results in Exercise 7.6 and Example 9.49. g

Exercise 9.20. Fix an integer k. Use Stirling’s formula (9.59) to compute

\/ﬁ< 2n ) i \/m<2n+l>‘

n+k nl—>nolo 22n+1 n-+k

lim

n—soo 221

Exercise 9.21. (a) For any integer n > 0 compute the numbers

1 1
/ sin?(2mnt)dt / cos?(2mnt)dt.
0 0

(b) Consider the function
1

Fi0N SR, f@)= ;-

/01 (z)de.

(c) Let f be as above. For any integer n > 0 compute the numbers

r— —|.

2

|

Sketch its graph and then compute

1 1
an = / f(x) cos(2mnzx)dx, b, = / f(z)sin(2rnz)dz.
0 0
(d) With ay, b, as in (c) prove that the series

D (a +b2)

n>1
is convergent.?

Hint. When computing the above integrals it is convenient to use the change in variables

U=x— %, some of the trig identities in Section 5.6 and Exercise 9.6. O
Exercise 9.22. Compute the area of the region depicted in Figure 9.9. O
Exercise 9.23. Prove Proposition 9.63. |

3A nontrivial result in the theory of Fourier series shows that

[ Pwi=ai2y @),
0

n>1
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Exercise 9.24. Consider the function
f:00,2] = R, f(z)=max{2 — z,2?}.
(a) Sketch the graph of the function.

(b) Compute the area of the region between the z-axis and the graph of f.
(c) Show that the function f is piecewise C'! and then compute the length of its graph. O

Exercise 9.25. Prove that for any a € (—1,0) and any b > 0 the integrals

1 00
/ 4| Int|°dt, / 2 Int|>dt
0 1

are convergent. O

Exercise 9.26. Prove that the Gamma function I' : (0, 00) — (0, 00)

F(w)—/ t*Le~tdt
0

is continuous.

Hint. Fix ¢t > 0 and then use Lagrange’s mean value theorem for the function f : (0,00) — R,
f(x) =t*. Then use Exercise 9.25 to conclude. O

9.10. Exercises for extra credit

Exercise* 9.1. Suppose that f : [a,b] — R is a continuous function and ® : R — R is a
convex continuous® function. Prove Jensen’s inequality

o (bia/abf(:c)dw> < bia/ab(b(f(x))da;. (9.79)

Exercise* 9.2. Show that the improper integrals

/ Smmdx,/ sin(z?)dx
0 x 0

are convergent. O

Exercise* 9.3. Construct a continuous function f : [0,00) — R satisfying the following
properties.

(i) f(z) >0,Vz >0.
(i) sup,>o f(2) = oc.
(iii) The integral [;* f(z)dz is convergent.
O

Exercise* 9.4. Suppose that f : [0,00) — R is a C?-function satisfying the following condi-
tions

4The continuity assumption is redundant since any convex function R — R is automatically continuous.
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Prove that for any o € (0,1) the integral [;° 0

Exercise* 9.5. Suppose that f : [1,00) — R is differentiable, the derivative f’:[0,00) = R
is increasing and

lim f'(z) =

T—00

(For example f(z) =1 or f(z) =Inx.) Prove that the sequence

1
— S+ @+t fo -1+ 50 - [ fGa
is convergent and, if S is its limit, then for any n € N we have

flfj)<;f(1)+f(2) o fn—1)+ f /f Jdz = § <0. -

Exercise* 9.6. Suppose that f :[1,00) — R is differentiable, the derivative f’: [0,00) = R
is increasing and

lim f'(z) = cc.

T—00

(For example, f(z) = %, a > 1.) Prove that there resists a constant C' > 0 such for any
n € N we have

SFQ)+F@ 44 fn = 1) + S f(n /f )z

5 < CIf (). 0

Exercise* 9.7. (a) Suppose that f : [a,b] — [0,00) is a Riemann integrable function. For
any natural numbers k < n we set

b—
Op 1= Tav fn,k = f(a+ kén)

Prove that

1 — 1
Jim 5 2 fne =

i (1) =0 (52, [ o) et -

(b) Fix real numbers ¢, > 0. Denote by A,, and respectively G,,, the arithmetic, and
respectively geometric, mean of the numbers

c+r,c+2r,...,c+nr.

Prove that
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Exercise* 9.8. Prove that the sequence
o nn+1

Tn

is convergent and then compute its limit. a



Chapter 10

Complex numbers and
some of their
applications

10.1. The field of complex numbers

It is well known that there exists no real number z such that 2> = —1 because 2% > 0 > —1,
Vz € R. Following L. Euler, we introduce an imaginary number ¢ with the property that
it = —1. (10.1)

Sometimes we write ¢ = v/—1. The number ¢ is called the imaginary unit. This bold and
somewhat arbitrary move raises some troubling questions.

Can we really do this? Yes, we just did, by fiat. Where does the “number” ¢ come
from? As its name suggests, it comes from our imagination. Can’t we get into some sort
of trouble? This vaguely formulated question is the more serious one, but let’s just admit
that we won’t get in any trouble. This can be argued rigorously, but requires more advanced
mathematics that did not even exist during Euler’s time. It took more than a century to
settle this issue. During that time mathematicians found convincing semi-rigorous arguments
that this construction leads to no contradictions. As Euler and its followers, we will take it
on faith that this construction won’t lead us to shaky grounds.

What can we do with 47 Following Gauss, we define the complexr numbers. These are
quantities of the form

z:=x+uyt, x,y€R
The real part of the complex number z is
Rez =z,
while its imaginary part is
Imz:=y.

The set of all the complex numbers is denoted by C. .

287
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The reason we are referring to the quantities a + b as numbers is because we can operate
with them, much like we do with real numbers. First, we can add complex numbers. If
21 == x1 + Y1t, 29 = Tg + Yot,
then we define
21+ 22 = (21 + 22) + (Y1 + Y2)1.

This operation satisfies the same properties as the addition of real numbers, namely the
Axioms 1-4 in Section 2.1. Note that the real numbers are special examples of complex
numbers: they are the complex numbers whose imaginary part is zero.

We can also multiply complex numbers in a natural way, taking (10.1) into account. Thus

(z1 4+ y19) (22 + y2i) = L1272 + T1Y21 + Y1221 + Y1y21°

= (7172 — Y1y2) + (T1Y2 + Y172)1.

One can check that this multiplication is commutative, associative, and distributive with
respect to the addition. Moreover, the real number 1 acts as a multiplicative unit for this
operation as well, and every nonzero real number z has an inverse. The construction of the
inverse requires a bit of ingenuity.

To a complex number z = = + yi we associate its conjugate
zZ=ux—yt.
Observe that
27 = (z+yi)(z — yi) = 2% — (y3)? = 2% + 9>
The quantity \/m is called the norm of the complex number z and it is denoted by |z],

|2| := Va2 + y2.
Thus
Zz =2z = |z|%

In particular, if z # 0, then |z| # 0 and we have

1 _ 1 _ 1
—5Zz2=2z-7—52=1
|22 |22
Thus
_ 1 z

The operation of conjugation interacts well with the operations of addition and multiplication
introduced above. More precisely,

21+ 29 =21+ Zo, Zizo = Z122, Vz1,29 € C. (10.3)

Moreover
|z122] = |21] - |22], V21,22 € C. (10.4)

The simple proofs of these equalities are left to you as an exercise.
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10.1.1. The geometric interpretation of complex numbers. The complex numbers
have a very useful geometric interpretation. More precisely, we identify the complex number
z = x + yi with the point Z = (z,y) in the Cartesian plane R2. In turn we can identify the
point Z with its position vector 07 . For this reason we will often refer to C as the complex
plane.

Given two complex numbers z1 = z1 + y1%, 22 = T2 + Y2t represented in the plane by the
position vectors OZ; and OZs, then their sum 23 = (21 + x2) + (y1 + y2)i is represented in
the plane by the point Zs with position vector

07y = 07, + 02,

where the addition of vectors is performed via the parallelogram rule; see Figure 10.1.

Ay

5 /

Figure 10.1. The geometric interpretation of the sum of complex numbers.

If the complex number z = x + yi is described by the point Z = (z,y) in R?, then its
conjugate z = = — yi is represented by the point Z~ = (x,—y), the reflection of Z in the

2
x-axis; see Figure 10.2. Note that the norm |z| = /22 +y is equal to the length of the

2| =]0Z|.

The vector 07 makes an angle 6 with the z-axis measured in a counterclockwise fashion,
starting on the z-axis. Measured in radians, it can be any number in [0,27). This angle is
called the argument of the complex number z and it is denoted by arg z.

r=|z| = Va? + 2.

From Figure 10.2 we deduce that the coordinates (x,y) of Z can be expressed in terms of r
and 6 via the equalities

vector 07 ,

Denote by r the norm of z

r=rcosf, y=rsinb,
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so that
z=rcosf+rsinfi =r(cosf +1isinf), r=|z|, 0 =argz. (10.5)

The equality (10.5) is usually referred to as the trigonometric representation of the complex
number z = = + yz.

\ 4

Figure 10.2. The geometric interpretation of the conjugation of complex numbers.

Suppose that we have two complex numbers z1, zo with trigonometric representations
2z = ri(cos O + isinby), r, >0, k=1,2.
Then
Rez, =rpcosb, Imz, = rpsinfy.
Moreover

2129 = (r1rg)(cos 01 + i sinfy)(cos Oz + ¢ sin by)

= 7”17“2{ (cos 01 cos By — sin 0 sin 92) +1 (sin 01 cos By + cos 01 sin 02) }

-~

=cos(01+02) =sin(01+02)
We have thus proved that
r1(cosfy +isinfy) x ro(cos by + isinby) = rlrg(cos(el + 02) + isin(6y + 62) ) (10.6)
Applying the above equality iteratively we obtain the celebrated Moivre’s formula
(cosf +isin6)" = cos(nf) +isin(nf), Vn €N, 0 €R. (10.7)

If we combine Moivre’s formula with Newton’s binomial formula we can obtain many inter-
esting consequences. We have

n
cosnf + isinnf = Z <n> i*(cos 0)F (sin 0)" .
k
k=0
Separating the real and imaginary parts in the right-hand-side of the above equality taking
into account that
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we deduce

cosnazz(coseyl-»<Z>(cos9y%4(gn9)2+»(Z)(cosey%gne)4-u- (10.8a)

sinnf = <711> (cos )" sinf — <§> (cos0)"3(sin @) + --- . (10.8b)
For example,
cos 20 = cos® § — sin® 6, sin20 = 2sin 6 cos,

cos 30 = cos® 0 — 3cosOsin®f, sin360 = 3cos?Osinf — sin® 0,
4
cos46 = cos* 0 — <2> cos? Osin? 0 + sin? 6 = cos® @ — 6 cos® Hsin® 0 + cos 6,
sin46 = 4 cos® #sin @ — 4 cos 0 sin® 6.

Example 10.1. Consider the complex number
1
z = COSZ —i—isin% = ﬁ(l—i_i)'

For any n € N we have

28" = cos 2nm + i sin 2n7w = 1.

On the other hand we have

1 .
an = ?Tn(l + Z)Sn

> /8n
24n = (1 \an -k.
(1+1) kzo ( ’ )
Isolating the real and imaginary parts in the right-hand side and equating them with the real
and imaginary parts in the left-hand side we deduce

= ()= (3) = (7)
= (1)-(5)+(5) D

Example 10.2. Fix a natural number n > 2. Observe that the numbers

2 2
C :cos(£n> +isin(—7r>, k=0,1,...,n—1
k n

so that

satisfy the equation
=1, Vk.
Conversely, if z is a complex number such that 2™ = 1, then we deduce
2" =1 =|z[ =1,
and thus there exists 6 € [0,27) such that
z=cosf +2sinf.

Using Moivre’s formula we deduce cosnf = 1 and sinnf = 0 which is possible if and only if
nd is a multiple of 27. Thus 6 can only be one of the numbers

ok
A k=0,1,...,n—1.
n
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In other words z" = 1 if and only if 2 is equal to one of the numbers (. For this reason the
numbers (; are called the n-th roots of unity. O
10.2. Analytic properties of complex numbers

Most of the analysis we developed for real numbers carries over to complex numbers. The
next result is crucial in this endeavor.

Proposition 10.3. (a) For any complex numbers z1, z2 we have

|21 + 22| < 21| + |22]. (10.9)
(b) if z=x +yi € C then
1

Szl +yl) < |o] = Va2 +y? < fa] +[y. (10.10)

Proof. (a) Let
z1 =x1 + Y1, 22 = T2+ Y2t

|z1| = \/fE% +y2, || = \/93% + y3.

The Cauchy-Schwartz inequality, Corollary 8.32, implies that
T1x2 + Y1y2 < <\/$% +y%> : <\/93% +y§> = |21 - [22].

21+ 22 = (@1 + x2) + (Y1 + 12)1,
|21+ 22/? = (21 +y1)? + (22 + 12)?
= o} 4 yi + 2m1y1 + 75 + y3 + 200y2 = |21 [* + | 20]7 + 2(z191 + 22212)
<z + |22 + 221 - |22] = (1] + |22]).

Then

We have

This proves (10.9).

(b) Observe that
(Il +1yD)? = 2 + [yf* +2|z] - [y] > |2* + |y|* = 2® + 32

This shows that
2] + |yl > Va2 + 2.
On the other hand,

0< (Jz] = [y)* = |2* + |y|* = 2|wy| = 2Jzy| < 2* + 3>

1
—s (2l +y) < Va2 + 2.
V2
This proves (10.10). O

= (2] + [y)? = |2 + [y + 2la] - |y| < 2(=* + %) =

Definition 10.4. We define the distance between two complex numbers z1, zo to be the
nonnegative real number
dist(z1, 22) := |21 — 22/ O
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Corollary 10.5 (The triangle inequality). For any z1, z2, z3 € C we have
dist(z1, z3) < dist(z1, z2) + dist (22, 23).

Proof. We have
dist(z1, z3) = |21 — 23] = |(21 — 22) + (22 — 23)|

(10.9)
< |z — z9] + |22 — 23] = dist(z1, 22) + dist(zg, 23).

O
Definition 10.6. (a) Let zp € C and r > 0. The open disk of center zy and radius r is the
et
Dy (z0) :={z € C; dist(z,20) <r}.

(b) A subset O C C is called open if for any zy € O there exists € > 0 such that

DE(Z()) c 0. O
(c) A set X C Cis called closed if the complement C \ X is open.
(d) A set X C C is called bounded if there exists R > 0 such that

X C Dr(0) < |z| <R, Vze X. 0

Definition 10.7. (a) We say that a sequence of complex numbers (z,)n>1 is bounded if the
sequence of norms (|z,|)n>1 is bounded as a sequence of real numbers.

(b) We say that a sequence of complex numbers (z,,),>1 converges to the complex number z,
and we denote this
lim z,, = 2,
n

if the sequence of nonnegative real numbers dist(z,, z+) converges to 0, i.e.,

Ve >0 IN = N(eg) >0 such that Vn (n > N(e) = |z, — 24| < €). 0

Proposition 10.8. Suppose that (z,)n>1 is a sequence of complex numbers. We set x,, = Re z,,
yn = Im z,. The following statements are equivalent.

(i) The sequence (zy) converges to the compler number z, = T\ + yit.

(ii) The sequences of real numbers (zp)p>1 and (yn)n>1 converge to x. and respectively
Y-

Proof. (i) = (ii). From the first part of (10.10) we deduce that
1
) (Jn = @a| + [yn — ysl) < 2n — 2.
Since limy, z,, = z, we deduce lim,, |z, — z.| = 0 and the Squeezing Principle implies
li£n(|a:n — Tu| + |yn — y«|) = 0.

The last equality implies (ii).
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(ii) = (i). From the second part of (10.10) we deduce that
|20 = 24| < |on — | + [yn — -
The assumption (ii) implies that
liTan( |Zn — 2| + |yn — 4| ) = 0.

From this we conclude that limy, |z, — 2| = 0, which is the statement (i). O

Corollary 10.9. If the sequence of complex numbers (z,)n>1 converges to z, then

lim |z, | = |z|.
n

Proof. Let z,, := Rez, and y, :=Imz,, z = Rez, y := Imz. Then

limz, =z=limz, =2 A limy, =y
n n n

= li7rln(a:i +y2) =22+ = lirILn \/w% +y2 = \/a:2 +1y? = lign]zd = |z|.

Corollary 10.10. Any convergent sequence of complexr numbers is bounded.

Proof. Given a convergent sequence of complex numbers, the associated sequence of norms is
convergent according to Corollary 10.9. The sequence of norms is thus a convergent sequence
of real numbers, hence bounded according to Proposition 4.14. O

Example 10.11. Suppose z is a complex number such that |z| < 1. Then
lim 2" = 0.
n
We have to show that the sequence of nonnegative numbers |2"| goes to zero as n — oo. We
set r : |z| and we observe that
’n n‘
As shown in Example 4.12

Irf <1=limr" =0=limz" =0. O
n n

The convergent sequences of complex numbers satisfy many of the same properties of
convergent sequences of real numbers. We summarize these facts in our next result whose
proof is left to you as an exercise.

Proposition 10.12 (Passage to the limit). Suppose that (an)n>1 and (by)p>1 are two con-
vergent sequences of complex numbers,
a:= lim a,, b= lim b,.
The following hold.
(i) The sequence (an + bp)n>1 is convergent and

lim (a, + b,) = lim a, + lim b, =a+b.



Introduction to Real Analysis 295

(ii) If A € C then

lim (Aap) = A lim a, = Aa.
n—oo n—oo

(i)
lim (a, - b,) = ( lim an) . ( lim bn) = ab.

n—,oo n—oo n—oo
(iv) Suppose that b # 0. Then there exists Ny > 0 such that b, # 0, VN > Ny and
lim 9 = @
T, T b .

Definition 10.13. A sequence of complex numbers (2,),>1 is called Cauchy if

Ve >0 IN = N(e) >0 such that Vm,n (m,n > N(g) = |zm — 2n| < €). 0

The concept of Cauchy sequence of complex numbers is closely related to the notion of
Cauchy sequence of real numbers. We state this in a precise form in our next result. Its proof
is very similar to the proof of Proposition 10.8 and we leave the details to you as an exercise.

Proposition 10.14. Suppose that (zp)n>1 is a sequence of complex numbers. We set x,, := Re z,,
Yn = Im z,. The following statements are equivalent.

(i) The sequence (zp)n>1 ts Cauchy.
(ii) The sequences of real numbers (x,)n>1 and (yn)n>1 are Cauchy.

O

Definition 10.15. The series associated to a sequence (zy)n,>0 of complex numbers is the
new sequence (Sp)n>1 defined by the partial sums

n
S0 = 209, S1 = 20+ 21, 52:,20—}—214—,22,...,3”:5 Aj oo .
7=0

The series associated to the sequence (ay)n>0 is denoted by the symbol

oo
g Zn OT g Zn
n>0 n>0

The series is called convergent if the sequence of partial sums (sy),>0 is convergent. The
limit lim,, .~ S, is called the sum series. We will use the notation

Zan =5
n>0

to indicate that the series is convergent and its sum is the real number S. O

Example 10.16. The geometric series

o0
Zz”:1+z+22+---
n=0
is convergent for any complex number z of norm |z| < 1. Indeed, its n-th partial sum is

1— n+1
snzl—l—z—l—---—i—z":%
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If |z| < 1, then we deduce from Example 10.11 and Proposition 10.12 that

) ) 1_Zn+1 1
1171313,1:117{11 1> = T

This shows that the series is convergent and its sum is

1
1+Z—|—Z2+"'+Zn+"‘:17, V|z| < 1. (10.11)
—Z

Proposition 10.17. If the series of complex numbers

>

n>0
18 convergent, then its terms converge to zero, lim, z, = 0.
Proof. Denote by s the sum of the series and by s,, its n-th partial sum,
Spn=20+21+" "+ zn.
Then z, = s, — sp—1 and

lim z,, = lim(s;, — sp—1) = lims,, —lims,_ 1 =s—s=0.
n n n n

Example 10.18. The geometric series
L+2z4+22 4+
is divergent if |z| > 1. Indeed, we have

2" = [2"

1 =1
i | :{ =1
n

and

00, |z| > 1.

This shows that when |z| > 1 the sequence (2™) does not converge to zero and thus, according
to Proposition 10.17, the geometric series cannot be convergent. O

Definition 10.19. A series of complex numbers
D
n>0
is called absolutely convergent if the series of nonnegative real numbers
2|l
n>0

is convergent. O

Proposition 10.20. If the series of complex numbers ), ., zn s absolutely convergent, then
it 1s also convergent.
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Proof. We mimic the proof of Theorem 4.46. Denote by s,, the n-th partial sum of the series
> n>0 #n and by 8, the n-th partial sum of the series ) - |2nl,

Sn =20+ "+ zn, 8n= 20|+ -+ |2
For n > m we have
Sn— Sm = Zm+1 + + Zny Sn — Sm = |Zmy1| + o+ |2l
Using (10.9) we deduce
|$n — Sm| = |2m+1 + -+ 2n| < |zmer|l + -+ 20l = 80 — Sm = 80 — §ml- (10.12)

Since the series ), < |2n| is convergent we deduce that the sequence of partial sums (5,)n>0
is Cauchy. Hence, for any € > 0 there exists N = N(g) > 0 such that for any n > m > N(¢)
we have

|5n, — Sm| < e.
Using (10.12) we deduce that for any n > m > N(g) we have
|sn, — sm| < €.

This shows that the sequence (s;) is Cauchy and thus convergent according to Proposition
10.14. O

The above result reduces the problem of deciding the absolute convergence of a series of
complex numbers to to deciding whether a series of nonnegative real numbers is convergent.
We have investigated this issue in Section 4.6. We mention here one useful convergence test.

Corollary 10.21 (Ratio test). Suppose that
Zo+z1+z22+-
is a series of complex numbers such that

n |Zn‘

exists, L € [0,00]. Then the following hold.

(i) If L < 1, then these series ano zn 18 absolutely convergent.
(ii) If L > 1, then the series is divergent.

Proof. (i) The ratio test Corollary 4.48 implies that the series of positive real numbers
Dl
n>0

is convergent.

(ii) If

then |zp4+1| > |z| for n sufficiently large. In particular, the sequence (z,) does not converge
to 0 and thus the series > 2, is divergent. 0
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10.3. Complex power series

A complex power series is a series of the form

s(z) =ag+ a1z + asz® +az2d + - = Zanz”,

where z and the numbers ag, aq, ... are complex. The number z should be viewed as a quan-
tity that is allowed to vary, while the numbers ag, a1, ... should be viewed as fixed quantities.
As such they are called the coefficients of the power series. power series! coefficients Note
that for different choices of z we obtain different series.

Example 10.22. Consider for example the power series
s(z) =1-224+2%22 - 2323 ...,
The coeflicients of this power series are
ap=1, a1 =-2, ap=2%...,a,=(-2)",...
Note that we can rewrite the above series as

s(2) =14 (=22) + (=22)> + (-22)° + - = > _(-22)".

If we make the substitution ¢ := —2z we can further rewrite
s(z)=14+C+C+---.

We know that this series is absolutely convergent for [(| > 1 and divergent for |(| > 1. In
other words the power series s(z) converges absolutely for |z| < & and diverges fro |z| < 3.
Note that the set of complex numbers z such that |z] < % is the open disk of center 0 and
radius % O

Proposition 10.23. Consider a complex power series
s(z) = Z anz".
n>0
(a) If for some zy # 0 the series s(zp) converges absolutely, then for any z € C such that
|z| < |z0| the series s(z) converges absolutely.

(b) If for some zy # 0 the series s(zg) is convergent, not necessarily absolutely, then for
any z € C such that |z| < |z0|, the series s(z) converges absolutely.

Proof. (a) Since |z| < |zp| we deduce that
lan2"| < |anzy], ¥n > 0.
The desired conclusion now follows from the comparison principle.
(b) Since s(zp) converges we deduce that
lima,zy = 0.
n
In particular, we deduce that the sequence (a,z{) is bounded, i.e., there exists C' > 0 such

that
lanzg| < C, ¥n > 0.
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We set
T 2= ﬂ <1
20 |Zo|
‘We observe that .
‘anzn| . n ‘ ‘ < Crn

Since r < 1 we deduce that the geometric series
> o
n>0
is convergent and the comparison principle implies that the series
D _lanz"]
n>0

is also convergent. O

Consider a complex power series

s(z) = Zanz”

We consider the set
R={r>0; 3z € Csuch that |z[ =7, s(z) is convergent } C R.
Note that the set R is not empty because 0 € R. Next observe that Proposition 10.23(b)
implies that if ro € R, then [0,79) C R. We set
R :=supR € [0, c0].
Proposition 10.23 shows that s(z) converges absolutely for any |z| < R, and diverges for

|z| > R. The number R € [0, o0] is called the radius of convergence of the power series s(z).

Example 10.24 (Complex exponential). Consider the power series
2
E(z):l—&—%—i-%—i----:Z%z".
n>0

This series is absolutely convergent for any z € C because the series of positive numbers

Z |2]"

= n!
is convergent for any z. Thus the radius of convergence of this power series is oo. For
simplicity we will denote by E(z) the sum of the series F(z).

Observe that for a real number x the sum of the series E(x) is e”; see Exercise 8.7. We
write this

E(z)=¢€", Vx eR. (10.13)
The properties of the exponential show that
E(z +y) ="V =" = E(x)E(y), Y,y €R. (10.14)

A more general result is true, namely.

E(z+ () = E()E(C), Vz,( e C. (10.15)
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To prove the above equality we denote by Ey(z) the n-th partial sum of the series E(z),

n

z z
Bu(z) =14 =+t 2

The equality (10.15) is equivalent to the equality

117511(}32”(2 +¢) — E2n(2)E2n(¢)) = 0. (10.16)
Fix a real number M > 1 such that
lz], IS < M.
We have
2n 1 o
Ean(z+0) =Y —(z+0O™ = Z Z( )emig
=y m!
2n m ;
1 mlzm—d¢d PN
B ﬁz m — j)lj! ZZ(m—J)'J'
m=0 j:O m=0j5=0
(k= m — )
S5 sy ae
m=0 j+k=m k']' J+k<2n kU'
J,k>0 J,k>0
Similarly we have
2n L 2n ; Kk~
z < 2RI
enemn0- (35) (55)- 2 2
k=0 j=o0 - 0<jk<2n "I
We deduce
Zk¢a
IEQn(Z + C) - E2n(z)E2n(<)| = Z P
jtk>on I
0<j,k<2n
k\|~1g 4n 271 74n
D D DV Rt D DI
. k!j5! ) k!j! n! n!
Jj+k>2n Jj+k>2n Jj+k>2n
0<j,k<2n 0<j,k<2n 0<j,k<2n
From (4.8) we deduce that
4n2M4n
im — 0.
n n!
Because of the equalities (10.13) and (10.15), for any z € C we set
2 3
z z z
z
e =Fz)=14—=4+—4+—--- 10.1
B =ltgtaty (10.17)

Suppose that in (10.17) the number z is purely imaginary, z = it, t € R. We deduce the

celebrated Fuler’s formula

L P2 B
HETRECTRRET

2t Bt
:<1 CTRTRE >+z< STt >
=cost + ¢sint.
If we let ¢ = 7 in the above equality we deduce
e™ = cosm +isinm = —1

ie., .
e +1=0.

(10.18)

(10.19)
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The last very compact equality describes a deep connection between the five most important
numbers in science: 0,1, e, 7, 2. |
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10.4. Exercises

Exercise 10.1. Prove the equalities (10.3) and (10.4). O
Exercise 10.2. (a) Consider the complex numbers
21 =4+51, 29=5+124.
Compute
21
2122, |22, —.
22
(b) Show that if
1
then
PHz+l=242+1=0, 2*=2=1. O
Exercise 10.3. (a) Prove that if z € C, then
1 1
P=1Nz#1 < A4 2422 4241=0 = z2+z—|—1+7+—2:0.
z oz
(b) Suppose that z satisfies the above equation, 2% + 23 + 22 + 2 + 1 = 0. We set
1
(:=z4+—.
z
Prove that )
22 + ) = CQ — 2,
z
and
G+¢-1=0. (10.20)
(c) Find the two roots (1, (2 of the quadratic equation (10.20).
(d) If ¢1, (2 are as above, find all the complex numbers z such that
1 1
24+-=0G V z+-=(.
z z
(e) Use (d) to compute cos(27/5), sin(27/5). O

Exercise 10.4. (a) Let zp € C and r > 0. Prove that the open disc D,(zp) is an open set in

the sense of Definition 10.6(b).

(b) Prove that if 01,09 C C are open sets, then so are the sets O1 N O2, O1 U Os.

(c) Consider the set
S:={z€C; Imz=0, Reze€[0,1] }.

Draw a picture of S and then prove that it is a closed set in the sense of Definition 10.6(c).

O

Exercise 10.5. Let S be a a subset of the complex plane, S C C. Prove that the following

statements are equivalent.

(i) The set S is closed.

(ii) For any sequence (z,)n>1 of points in S, z, € S, Vn, if the sequence converges to

Zy, then z, € S.
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(|
Exercise 10.6. Use the ideas in the proof of Proposition 10.8 to prove Proposition 10.14.0

Exercise 10.7. Prove Proposition 10.12 by imitating the proof of Proposition 4.15. O
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z >y, 20 Gamma function, 266
z 2>y, 20 number, 65, 66
z=1 19 extremum
local, 157
, 298
S«(f), S*(f), 228 factorial, 36
| P]], 221 Fermat’s Principle, 157

absolute value, 21
AM-GM inequality, 194
antiderivative, 202
area, 271, 272
arithmetic progression, 53
initial term, 53
ratio of, 53
axes, 27

Bernstein polynomial, 173
Beta function, 267
binary operation, 17
binomial

coefficient, 36

formula, 37, 76

Cartesian

coordinates, 27

plane, 26, 111

axes, 27

Cauchy product, 90
Cauchy-Schwarz inequality, 196
chain rule, see also rule
chord, 185
cluster point, 93
complex number, 287

argument, 289

conjugate, 288

norm, 288

trigonometric representation, 290
complex plane, 289
convergence, 55

pointwise, 126

uniform, 126
critical point, 159

Darboux
integrable, 228
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lower, 228
upper, 228
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lower, 225
upper, 225
derivative, see also function
difference quotients, 144
differential, 144
differential equation, 170, 211
differential equations
linear, 211

Euler
Beta function, 267
formula, 300

formula, 1
change of variables, 250
Euler, 300
Moivre’s, 290
Newton’s binomial, 37, 146, 168, 290
Pascal, 38, 168
Stirling, 256
Wallis, 247, 255

function, 9
C™, 146
n-times differentiable, 146
average value of a, 241
bijective, 10, 100
codomain, 10
concave, 185
continuous, 123
continuous at a point, 123
convex, 185
critical point of a, 159
Darboux integrable, 228
decreasing, 100
derivative of a, 142
differentiable, 142
domain of, 10
even, 114, 162, 279
fiber of, 10
hyperbolic, 215
image, 10
increasing, 100
indefinite integral of a, 202
injective, 10
inverse of, 12
linearizable, 141
Lipschitz, 119, 125, 169
mean of a, 241
monotone, 100
nondecreasing, 100
nonincreasing, 100
odd, 114, 279
one-to-one, 10
onto, 10
oscillation of a, 134
periodic, 114
piecewise C1, 271
piecewise constant, 238
range, 10
Riemann integrable, 222
smooth, 146
strictly monotone, 100, 132
surjective, 10
trigonometric, 112
uniformly continuous, 135

Gamma function, 266
Gauss bell, 215
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geometric progression, 54
initial term, 54
ratio, 54

Hoélder’s inequality, 194
Hermite polynomial, 215
hyperbolic

cosine, 166

functions, 166

sine, 166

iff, 3
imaginary part, 287
inequality
AM-GM, 194
Bernoulli, 36
Cauchy-Schwarz, 196
Holder’s, 194
Jensen’s, 193
Minkowski, 196
Young’s, 163, 214
infimum, 25
integer, 39
integer part, 39
integral
improper, 257
absolutely convergent, 264
convergent, 257
indefinite, 202
Riemann, 223
integration
by parts, 204
by substitution, 206
interval, 21
closed, 21
open, 21

L’Hoépital’s rule, see also rule

Lagrange remainder, see also Taylor approximation

Legendre polynomial, 168, 282
Leibniz rule, see also rule
length, 269
limit point, 68, 88
linear approximation, 141
linearization, 141
local
extremum, 157
strict, 157
maximum, 157
strict, 157
minimum, 157
strict, 157
logarithm, 101
natural, 101
lower bound, 24

MacLaurin

polynomial, 175
mapping, see also function
maximum

global, 129

local, 157

strict local, 157
mean oscillation, 225
minimum

global, 129, 172

local, 157

strict local, 157
Minkowski’s inequality, 196

neighborhood, 56, 93, 96
deleted, 94
symmetric, 93

Newton’s method, 190

norm, 197

number
Euler, 65, 76
natural, 31

open
set, 293
open disk, 293

partial sum, 70, 295

partition, 221
interval of a, 221
mesh size, 221
node of a, 221
order of a, 221
refinement of a, 226
sample, 221
uniform, 222

power series, 80, 298
domain of convergence, 80

radius of convergence, 82, 89, 299

predicate, 1
preimage, 10
primitive, 202
principle
Archimedes’, 38, 39
induction, 32
squeezing, 57
well ordering, 34
product rule, see also rule

quantifier, 5
existential, 5
universal, 5
quotient rule, see also rule

radius of convergence, 82, 89, 299

ratio test, 78

rational
function, 209
number, 41

real
line, 26

real number, 17
negative, 20
nonnegative, 20
positive, 20

real part, 287

Riemann
integrable, 222
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integral, 223

sum, 222

zeta function, 74
roots of unity, 292
rule

chain, 152

inverse function, 156

L’Hépital’s, 181

Leibniz, 149

product, 149

quotient, 150

s.t.,, 5
sequence, 53
bounded, 54, 293
Cauchy, 69
convergent, 55, 293
decreasing, 54
divergent, 55
Fibonacci, 54
fundamental, 69
increasing, 54
limit point of, 68
monotone, 54
non-decreasing, 54
non-increasing, 54
series, 70
absolutely convergent, 77, 296
Cauchy product, 90
conditionally convergent, 79
convergent, 71, 295
geometric, 71
ratio test, 78
sum of the, 71, 295
set
bounded, 24
bounded above, 24
bounded below, 24
closed, 293
countable, 35
finite, 34
cardinality, 34
inductive, 31
open, 293
simple type, 271, 272
subsequence, 54
subset, 7
proper, 7
supremum, 25

tangent line, 144
tautology, 4, 6
Taylor
approximation, 177
integral remainder, 248
Lagrange remainder, 178
remainder, 177
polynomial, 175

series, 175
test
ratio, 78

Weierstrass, 78

theorem
Bolzano-Weierstrass, 67
Cauchy, 69, 74, 259
Cauchy’s finite increment, 164
chain rule, 152
comparison principle, 74
continuity of uniform limits, 126
D’Alembert test, 78
Darboux, 165
Fermat’s Principle, 157

fundamental theorem of calculus, 243, 244
fundamental theorem of arithmetic, 41

integral mean value, 241

intermediate value theorem, 130

Jensen’s inequality, 193

Lagrange, 160

mean value, 160

nested intervals, 67

Pythagoras’, 269

Riemann-Darboux, 228

Rolle, 159

Taylor approximation, 177

Weierstrass, 64, 128

Weierstrass M-test, 78

Well Ordering Principle, 34
transformation, see also function
trigonometric

circle, 111

function, 112
upper bound, 24

wronskian, 170



